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LETTER OF TRANSMITTAL. 



, Depart^ient of the Interiot?, 
United Stated Geological Suitvi^Y, 

Washinf/tonj J). C, Fehricary 2^ 1892. 

Sir: I have the honor to transmit herewith a manuscript entitled 
^'Earthquakes in California in 1890 and 1891," by Edward S. Holden, 
and recommend its publication as a bulletin. It is the second of a se 
ries furnished the Survey by the Lick Observatory, the first having 
been prepared by Prof. J. E. Keeler and published by the Survey as 
bulletin l^o. 68. 

Very respectfully, 

G. K. GiLnEBT, 

Chief Geologist, 
Hon. J. W. Pqwell, 

I>irector. 
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EARTHQUAKES IN CALIFORNIA IN 1890 AND ISOf. 



By EPWARD S. IIOLDEN. 



INTRODUCTION. 

The following paper is a coiitinuatiou of records of tlie same kind by 
Prof. Keeler and myself^ and it brings the list up to the end of the 
year 1891. It records all the shocks observed or felt on Mount Ham- 
ilton, and all those reported to the Lick Observatory by letter, as well 
as newspaper reports of such earthquakes as occurred in the state 
during that year. No systematic examination of the newspapers has 
been made, however, and reports may have escaped notice. 

INrSTEUMENTS. 

The instruments used for recording earthquakes on Mount Ilamilton 
are described in Publications of the Lick Observatory, vol. i, ]>. 82. 
The largest and most complete instrument records the north and south, 
east and west, and vertical components of the earth's motion, sepa- 
rately, on a smoked glass plate, which is started by the preliminary 
tremors of the earthquake and rotates uniformly in about three minutes, 
the edge of the plate being graduated into seconds at the same time 
by the clock, which also serves to record the time of occurrence of the 
shock. This instrument has been called theEwing seismograph in the 
notes. Another simpler form consists of the heavy ^^duplex" penditluni 
adjusted to a long period of vibration, with a magnifying pointer or pen, 
which records on a smoked glass plate both horizontal components of 
the motion. The vertical component and the time are not recorded. 
The motion of the earth is magnified 4.0 times in the duplex seismom- 
eters. 

The observatory possesses other seismographs of various patterns, 
but they are not constantly in use. 

iLiftt of recorded earthquakes in California, Lower California, Oregon, and Washington Territtn-.v 
(from 17(» to 1888.) Sacramento : State Printing Oflice. 
Barthquakes in California in 1888. American Journal of Science, vol. 37, May, 1889. 
Bartbgoakefl in California in 1889. Bulletin U. S. Geological Survey No. G8, 1890. 
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S0Aij3*W Jebasubembnts. 

• • • 

In the record maAo :By the Ewing seismograph both horizontal com- 
ponents aramagnifl^^ 3'3 times, and the vertical component is magni- 
fied I'G.^ilqteV. •The measares of the vibrations as given in the notes 
are :takria 'directly from the tracings, and therefore represent the mag- 

J ; iiJ5^ 'motion. 

*<^ *rf both the period T, and the amplitude a of an earthquake wave are 
given, the maximum acceleration due to the impulse, which may be 
taken as a measure o^' the intensity or destructive effect of the shock, is 
given by the formula — 

rp 2" 

in which the motion is assumed ti) be harmonic. 

DIFFERENCES OF INTENSITY. 

Estimates of the intensity of shocks are also given (in Eoman numerals 
inclosed in parentheses) according to the Rossi-Forel scale, which for 
• convenience of reference is inserted below. Experience has suggested 
that ibr observations in California a few additions should be made 
to this scale, and these are printed here in italics. When these are iii 
quotation marks also, they are expressions actually used in the news- 
papers, etc., in describing earthquake shocks, whose intensity is other- 
wise known. The scale, as amended, is as accurate as anything of the 
kind can be. 

I. 

Microseismic shocks recorded by a 3ingle seismograph, or by seismo- 
graphs of the same model, but not putting seismographs of different 
patterns in motion j reported by experienced observers only. 

II. 

Shock recorded by several seismographs of different patterns; re- 
ported by a small number of persons who are at rest. " A very light 
shoekP 

ni. 

Shock reported by a number of persons at rest; duration or direction 
noted. " A shocic; '' " a light shoeJc^ 

IV. 

Shock reported by persons in motion ; shaking of movable objects, 
doors, and windows; cracking of ceilings. '^ Moderate; ^^ '^strong; ^ 
^^ sharp; ^^ (sometimes) ^^lightJ^ 
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V. 

Shock felt generally by everyone; furniture shaken; some bells rung. 
Some clocks stopped; sopifi sleepers waked; '^ smart; ^^ '' strong ;^^ '^ heavy ;^ 
*^ severe ;^^ '^sharp;^^ '^ luiteviolentP 

VI. 

General awakening oi' sleepers; general ringing of bells; swinging 
of chandeliers; atoppin,!^ of clocks; visible swaying of trees; some 
persons run out of buildings. Window gUiSS broken; '^ severe; ^^ ^H^ery 
severe;^^ ^'violeritP 

vn. 

Overturning of loose objects; fall of plaster; striking of church 
bells; general fright, without damage to buildings. Nausea felt; *•' vio- 
lent; '' " very violent?^ 

VIII. 

Fall of chimneys; cracks in the walls of buildings. 

IX. 

Partial or total destrm^tion of some buildings. 



Great disasters; overturning of rocks; fissures in the surface of the 
earth; mountain slides. 

The relation between the intensity (I) of a shock as determined by 
the formula already givon, and the numbers of the Eossi-Forel scale, 
has been reduced from all available data up to 1888, and is given below 
in tabular form. It is^ of course, a rough approximation only. 



BossM^orel 
scale. 


Intensity. 


Difference. 




mm. per sec. 




I 

n 


20 
40 




20 


ni 


60 


20 


IV 


80 


20 


V 


110 


30 


VI 


150 


40 


VII.. 


300 


150 


VUI 


500 


200 


IX 


1, 20'J 


700 



One of the objects of i;he earthquake observations on Mount Hamil- 
ton is to obtain data for correcting this table, so that the intensity of a 

shock, as defined mathematically by the formula I=— (where Fis the 

maximum velocity of the vihratiug particle), can be inferred from the 
ordinary descriptions of its effects. 
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STATIONS. 

A number of duplex-pendultim seiHmograpIis, quite similar to tlie one 
used at the Lick Observatory, are placed at different points on the 
Pacific Coast, but they are not all in operation. The stations are: 

Student's Observatory, Berkeley, in charge of Prof. Soul^. 

Ohabot Observatory, Oakland, in charge of Mr. Burckhalter. 

Private observatory of Mr. Blinn, in East Oakland. 

Observatory of the University of the Pacific, San Jose. ' 

Observatory of Mills College, near San Francisco, in charge of Prof. 
Keep. 

Oflftce of State Weather Bureau, Carson, Nev., in charge of Prof. 
Friend. 

The reports of the United States Light-House Board and of the United 
States Signal Office (United States Weather Bureau) for 1890 and 1891 
record a number of shocks not mentioned in the following list, and 
they should be consulted in this connection. 

Prof. Keeler was in charge of the earthquake instruments of the 
Lick Observatory during 1890 and 1891. Most of the following statis- 
tics were, however, collected by myself. Dr. Henry Crew has kindly 
put them in chronological order, as follows : 

CHRONOLOGICAL RECORD, 1890. 

January 15. — Mount Hamilton, 5 :05:=lzlm. a. m. (Prof. Holden). — 
Intensity =V — liossi-Forel scale. Mr. Keeler was partly awake at 
the time, and counted one minute from the beginning of shock, and 
noted time by watch, P. S. T.^=5:05:3±10s. a. m. Intensity = IV, 
Rossi-Forel scale. Time by earthquake clock = 5:02 a. m. 

The record of the duplex Hcismograpli shows the actual displace- 
ment of the pendulum bob to have been 2*G mm., in a direction 
almost exactly northwest and southeast. The record consists of a 
single nearly straight line. 

San Jose. — Two shocks felt about 5 o'clock a. m., sufficiently heavy 
to awaken sleepers; from north to south. 

January 18. — Napa. — Two slight shocks. Vibrations from north 
to south. 

Santa Barbara, 3:30 p. m. — Eeported in the Chronicle as '^quit^ 
a heavy shock.'' 

January 23. — Chabot Observatory, 4:18±1 m. a. m. — Time ob- 
served by George B. Fox. The seismographic record accomi)anying 
the report indicates the total actual displacement of the pendulnm to 
have been 2*8 mm., in a direction from "north by east" to "south 
by west." The tracing is made up of five small waves (small with ref- 
erence to the total length of the tracing), which look as if they might 



ip. S. T. = Pacific slope time. 
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have resulted firom a siniple harmonic motion having disphicemrnts in 
an east and west direction. 

Jannary 24. — Saivta Ana. — ^The San Jose Mercury rei>ortH this as 
follows : 

<^ Santa Ana, Jannary 24. — A yery distinct earthquake sh(H*k, last- 
ing 4 seconds, was felt this afternoon at 1 :15, and at 4:30 o'clock there 
was a larger and more pronounced shock, lasting ten secondn. The di- 
rection was northeast and southwest." 

February 5. — San Dieoo, 10 : 15 p. m. — ^< Distinct shock ; vibra- 
tions from east to west." 

Santa Ana, 10 : 14 p. m. — "Shock lasted eight seconds. Vibrations 
from northeast to southwest." 

San Bernardino. — "Three distinct shocks, preceded t>y a low 
rambling noise. The shock ( f ) lasted for four or five seconds.'' 

The above three reports are all from newspapers. 

February 9^ — San Bernardino. — Following is the roport pub- 
lished in the Times-Index of San Bernardino of February- 10: 

" Quite a heavy shock of earthquake visited this section yt^sterday 
morning at 6 miuutes past 4 o'clock. The vibrations were iiortli and 
south, and the shock caused a great many persons to arise much earlier 
yesterday morning than heretofore." 

Under this date the Examiner, of San Francisco, reports the follow- 
ing • 

"San Pedro, February 9.— Three mild but distinct shocks of earth- 
quake were felt at San Pedro at 4:07 o'clock this morning. The vibra- 
tions lasted for several seconds and were from east to west. 

"CoLTON, February 9. — A heavy shock of an earthquake was felt in 
Goltou at 4 o^clock this morning. 

"Pomona, February 9. — At 4 o'clock this morning three distinct 
shocks of an earthquake were felt here. Nearly every one was nmsed 
from his slumbers, but little damage was done. In the Progress oHiee, 
type was 'pied,' and some panes of glass were broken about tlie city. 

"San Diego, February 9. — ^Another shock of an earthquake was felt 
in tliis city at 4 o'clock this morning. It lasted about a minute, and 
was accompanied by rumbling noises." 

February 13.— Tehach API, 2 : 10 a. m.— The following is from the 
San Bernardino Times-Index: 

"Tehachapi, February 13.— Three light but distinct slioeks of earth- 
quake were felt here about 2:10 this morning. Tlioy occurred at inter- 
vals of about twenty minutes. The seccmd sliock lasted several 
seconds." 

February 15,— Los Anoeles, about 4 a. m.— -Eeported as Ibllows 
in the Los Angeles Herald of February IG: "Kesidcnts in tliis city and 
dwellers in its suburbs generally were very rudely awakened irom their 
slumbers yesterday morning at about 4 o'clock. A long, low rumbling 
noise as of distant thunder along the crests of the mountnuns was heiu'd 
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" Eedwood City, April 24. — Three shocks of earthquake occurred 
this morning, ending vrith a severe jar, which threw crockery and other 
articles from the shelves of several residences. Clocks were stopped 
at 3 :37, the hour of the occurrence. The vibrations were east and west 
and the duration twenty seconds. The residents assert these were the 
severest shocks since 1868. 

" Point Eeyes, April 24. — A sharp shock of earthquake occurred 
here very early this morning. 

" Centebville, April 24. — A heavy earthquake shock was felt here 
at 3:40 this morning. It was preceded by two light shocks. Many 
were frightened, but no damage has been reported. 

" Watsonville, April 24. — There were twelve distinct shocks of 
earthquake felt here after 3:30 this morning, the first and second being 
the most severe. The vibrations were from west to east. In the coun- 
try north of town nearly all the chimneys were thrown down. The 
railway bridge across the Pajaro was misplaced and the train delayed. 

" Napa, April 24. — At 3:40 o'clock this morning a heavy shock of 
earthquake was experienced here. The vibrations were north and south. 

" Santa Cruz, April 24. — There was a heavy earthquake shock this 
morning at 3:48, but very little damage. 

" MavTpibld, Cal., April 24.— A slight shock of earthquake was felt 
here and in neighboring towns this morfiing. The vibrations were from 
northeast to southwest, and lasted eight seconds. There was a heavy 
atmosphere, with no wind. The tops of trees rocked, making a noise 
like a heavy wind blowing. Plastering was broken and the depot clock 
and others stopped at 3 :37 o'clock. The temperature was 48°. Super- 
intendent Bassett and Assistant Superintendent Haydock went south by 
a special train to look after the damage done to the track by the shake 
between Pajaro and Sargents. It is reporced that the track was moved 
a foot out of line, and that the ground settled six inches in places. The 
bridge, fifty feet high, is impassable at both ends, tbe rails being pulled 
a foot apart. A large force of men is at work, and they expect to have 
the track so thiat trains can pass in a few hours. At Sargents and 
Gilroy there were more than a dozen shakes, and chimneys w^ere 
knocked down." 

Carson City, Nevada. — "No time reported. The duplex seismo- 
graph indicates a disturbance about one-quarter as large as that at 
Berkeley. (C. W. Friend.) 

San Jose, 3:37:43 a. m. — Seismograph at the University of the 
Pacific furnishes a diagram having a maximum double amplitude of 
16*2 mm 5 from tbe manner in which the index has run all over the glass 
one would think the equilibrium of the pendulum too nearly neutral. 

May 11.— Bast Oakland, 1 : 00 : 15 p. m. (Mr. Ireland) ; 1 : 00 : 18 p. 
m, (Mr. Boise). — Mr. Blinn's seismograph makes the disturbance almost 
entirely in an east and west direction; its amount (maximum double 
amplitude) was 1*0 mm. The diagram which Prof. Keep sends from Mills 
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College indicates a slightly smaller disturbance in a direction south- 
west and northeast. 

San Francisco, 1:00:15 p. m. (Mr. William Ireland). — ^Intensity==: 
IV, Eossi-Forel scale. 

Following is a newspaper account of the shock as felt at San Lean- 
dro May 11 : "A very heavy shock of earthquake was felt at this place 
at 1:03 o'clock this afternoon. The oscillations were north and south 
and the duration 5 or 6 seconds, l^o damage reported, although many 
of the older houses in town were loosened up considerably, notably the 
depot of the Southern Pacific Company." 

May 14. — Santa Cruz — ^The following general account is taken 
from the newspaper of even date: • 

"Santa Cruz, May 14. — Ever since the big earthquake of the 24th 
of April there have been daily seismic disturbances along the line 
between Pajaro and San Juan, where the earthquake was heaviest. 
Eaeh day three or four small shocks occur, and yesterday six quite 
l)ronounced ones were felt. Two were felt at 5 o'clock this morning in 
this city. The fissure made on the Chittenden ranch, above Pajaro, 
during the big earthquake has been gradually increasing in depth and 
width. The railroad company is keeping a force of carpenters in the 
vicinity of the bridges between Pajaro and Gilroy for fear of damage 
by the shocks if they get heavier. It is said that there will be no 
change of the time card on the coast division until the earthquakes 
cease, as the company does not want to put on the Monterey flyer for 
fear of accident." 

June 1. — HBALDSBURa, 1 : 21 p. m. — Slight shock. 

Jnne 29. — Santa Eosa, 7:25 a. m. (newspaper). — "Three distinct 
sUo<'ks; people awakened; vibrations from north to south." 

June 30. — Our information of this earthquake is comprised in the 
following three dispatches found in the newspapers: 

"Pbtaluma, June 30. — An earthquake shock passed through this 
city yesterday morning about 6 o'clock. The vibrations were from east 
to west.'' 

<^ Santa Eosa, June 30. — ^Three earthquake shocks were felt here 
about 11 o'clock. They were not quite as severe as those in the morning." 

" Santa Cruz, June 30. — Earthquake shocks in this city at 12 :30 
this afternoon shook all the houses in town. The first shock was slight 
»iid was followed in a second by a much heavier shake. No damage 
\ras done. The vibrations were east and west. A private telegram 
th>ni Sargent station, near the center of the seismic disturbance last 
Aprili states that the shock was quite severe there, breaking crockery 
in the houses." 

July 1. — ^The following account appears to be from a San Francisco 
newspaper of even date: 

"At 33 minutes past midnight of Monday there was a sharp shock of 
earthquake felt in this city, lasting ten seconds. The direction of the 
Bull. 96 2 
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vibrations was principally northwest and southeast, with a shock 
nearly north and south. It was felt in nearly all portions of the city 
and had the effect of rousing many people from their slumbers. Gas 
fixtures and windows were set rattling, and in some houses picture 
frames, loosely fastened on the walls, were thrown to the floors. It 
was not noticeable by people walking on the streets, and had no dia- 
tinct violence in the down-town hotels." 

GiLROY, 12:35 a. m. (newspaper). — " Sharp shock from north to south 
lasting about one minute.'' 

July 4. — Eureka, 4:30 p. m. (newspaper). — "Quite a sharp shock.'^ 

July 24. — Bakersfield, 3 a. m. (newspaper). — "Severe shock." 

July 26. — ^The Examiner contains the following: 

" SissoNS, July 26. — ^Tbere were three earthquake shocks this morn- 
ing at 1 :45 o'clock. The vibrations were north and south." 

"Hydesville, July 26. — Several severe shocks of an earthquake 
were felt at this place at 1 :40 a. m. to-day, lasting about twenty secouds, 
and another slight shock at 8 o'clock." 

July 28. — Petaluma, 12 :03 :35 a. m. (newspaper). — ^Two slight shocks 
from north to south. 

August 17.— Mills CoLLEaB, 6:50 a. m. (Prof. JKeep).— Slight, 
but distinct shock. The tracing of the seismograph shows three vibra- 
tions (averaging 0*3 mm.), in a direction from one point south of eiist to 
one point north of west. 

August 23. — ^MoNO Lake. — ^The following is from the Homer Index: 

"Eemarkable earthquake at Mono. — The southern end of Mono Lake 
was considerably agitated last Sunday, and dwellers in that shaky 
locality were much perturbed. Steam was issuing from the lake as 
far as could be seen, in sudden puffs, and the water was boiling fiercely, 
like a bean pot, while high waves rolled upon the beach and receding 
left the sand smoking. In a moment the air was thick with blinding 
hot sulphurous vapor, and subterraneous moans and rumblings made 
the witness think that the devil was holding high carnival down below. 
The fences wabbled up and down and sideways ; the wood pile at Nay's 
ranch locked arms with a big freight wagon and waltzed around the 
barnyard gleefully to the dismal bellowing of the dismayed cattle and 
the shrill neighing of terrified horses. 

<^ This appalling fracas lasted abouttwo minutes. Then came ablessed 
quiet for a moment, followed by a sudden twitch of the earth, as a horse 
jerks his hide and dislodges a bothersome fly. The shock threw men 
and animals oif their feet with bruising violence, but it was the wind-up 
of the entertainment, which Mr, Kay hopes will not be soon repeated. 

" It was some hours before the lake ceased to emit columns of steam 
and the water became very hot. Two springs near the house, long 
noted for the coldness and purity of their water, changed their char- 
acter and spouted hot mud for two days, when they flowed cold water 
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again. A stack of 200 tons of liay was moved 70 feet south without 
disarranging it." 

September 3. — Mount Hamilton, 2 :21 :20 p. m. (accurate to one or 
two seconds), P. 8. T. — Felt by Prof. Holden in third story of brick 
lioiise and estimated by him at II on Kossi-Forel scale. Recorded on 
duplex seismometer, but did not start Ewing. 

A slight shock was also felt at San Francisco at 2 :30 p. m. ; like- 
wise at GlLBOY. 

September 4. — ^Mount Hamilton, 10:06:45 a.m. (B. 0. Holden). — 
^^ Swung the hanging lamp in my study." — E. S. Holden. 

September 5. — ^Merced, 2 :15 p. m. — Vibration east and west. 
September 19. — The record of earthquakes under this date consists 
of the following dispatches to San Francisco papers : 

'^Calico, September 19. — ^A severe shock of earthquake occurred at 
12 :15 last night. There were vibrations east and west. There was 
another shock fifteen minutes later." 

"DAoaBTT, September 19. — Two earthquakes were felt here at 12:25 
and 12 :50 this morning. The vibrations were east and west, l^o dam- 
age was done." 

" San Bernardino, September 19. — A light earthquake shock vis- 
ited this city a little after 12 o'clock this morning." 

"Babstow, California, September 19. — ^There was an earthquake 
at 12 :15 this morning, with a rumbling sound. Ko damage." 

Octobers. — HEALDSBURa,12:05p. m. (newspaper). — "Sliarp shock, 
accompanied by long and distinct rumbling. Vibrations north and 
south." 

October 29. — ^Mount Hamilton. — Two distinct shocks. 
First— 8: 36: 29 a. m. ± 2s., P. S. T. Eossi-Forel, IV to V. 
Second— 8 : 39 : 29 a. m. ± 2s., P. S. T. Eosi-Forel, III. (Prof. Holden.) 
Pi'of. Barnard reports as follows: ^^Coming to the observatory, half- 
way up the plank walk heard two distinct and heavy jars in the frame 
cottages as if they were falling down. These followed each other by 
about one or two seconds. Did not feel any shock. The noise of the shak- 
ing of the frame houses could have been heard perhaps an eighth of 
a mile. Reaching the observatory, another shock occurred; did not 
feel it; heard a rattling. This was at 8:39:35 ± one or two seconds, 
R 8. T.^ I coippared the clock in the earthquake instrument case with 
the Howard (this was for the lirst shock). Earthquake clock, 7 : 29 : 0; 
Howard 20: 42: 27." 

December 4. — ^Lone Pine, 9 o'clock p. m. Ten distinct shocks 
felt from 9 to 11. !N^o damage done. This was the seat of the great 
earthquake of March, 1872, in which many lives were lost. 

" This is the first disturbance at Lone Pine for eight or ten years." — C, 
Mnlholland, 
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January 2. — Generally felt throughout the state. 

Prof. Holdeu telegraphed from the Lick Observatory as follows: 

"Lick Obebvatory (Mount Hamilton), January 2. — A violent earth- 
quake shock stopped our standard clock at eighteen seconds after noon 
to-day. The pendulum swings about north and south. 

" Several ceilings were cracked in the observatory, and large pieces of 
plaster were thrown down in the brick houses. So far as I know no 
damage was done to the instruments. The earthquake registers indi- 
cate by far the severest shock since 1868 in northern California. It« 
intensity was vii on the Eossi-Forel scale. The pen of the duplex 
seismometer was thrown completely off the glass plate. Some definite 
idea of the force may be had when I say that a swinging lamp, making 
a pendulum of about 15 inches in length, which is suspended in my 
study, was still in vibration twenty minutes after the shock. 

"Framed photographs on my mantel were overthrown. It appears 
that serious damage would be done to the houses here by a shock of 
twice this intensity, but it looks as if the observatory would stand con- 
siderably more. The large telescope has been secured to its base by 
four holding-down bolts, and it is as safe as it can be made." 

Prof. Davidson's observation will be found among others reported 
below : 

"San Francisco was visited by two distinct shocks of earthquake at 
noon yesterday (Jan. 2). Both shocks were distinct, but of a different 
movement, the first being vibratory, the second proving of the type 
known to seismic observers as undulatory. 

" Prof. Davidson states that his chronograph recorded the time of • 
the shock to be 12 :00 :40, with an entire duration of fifty seconds. A 
comparison of directions observed by various persons indicates the 
wave to have moved from southeast to northwest. In the lower i)or- 
tion of the city, from Kearny street to the water front, the shocks are 
said to have resembled the rumbling of a wagon, while in the more 
elevated residences the vibratory movement was perceptibly felt. j 

" Santa Cruz, January 2. — ^There was a heavy earthquake here at ' 
12 :02 this afternoon. The shock, which passed from southwest to north- 
east, lasted ten seconds, and was the heaviest felt here in years. Only 
very slight damage was done, but the people were greatly frightened, 

" Salinas, January 2. — ^A very severe shock of earthquake was felt 
here at 12 o'clock noon to-day. The vibrations were from north t» 
south. 

" El Yerano, January 2. — A severe shock of earthquake was felt> 
hereto-day at 12:20 o'clock. It moved from southeast to northwest— 
Houses were shaken up. 

"Los Gatos, January 2. — A sharp shock of earthquake was pre- 
ceded by a< rumbling sound at 12:01 o'clock this afternoon. The dura.- 
tion of the shock was fifteen seconds. No damage. 
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^' GiLROY, January 2. — One of the heaviest earthquakes ever felt 
liere occurred at 12:01 this afternoon. The duration was* less than half 
a minute, but it was accompanied by heavy rumblings and a sickening, 
swaying sensation. Gas fixtures and movables swayed and clattered 
considerably. 

" Stockton, January 2. — Rather a sharp shock of earthquake was 
felt here precisely at 12 noon. The vibrations were south to north. 

'^ Lathrop, January 2. — There was a severe shock of earthquake at 
12 o'clock to-day. Houses squeaked, clocks stopped, lamp chimneys 
were broken, etc. No further damage was done. Apparently the du^ec- 
tlon of the shock was from east to west. 

"Modesto, January 2. — A sharp earthquake shock was felt here at 
noon to-day. The shock lasted fifteen seconds. The vibrations were 
north and south. 

"San Jose, January 2. — At 12 o'clock a sharp earthquake shock 
-was felt here, the movement being north and south, and it lasted about 
fifteen seconds. Clocks were stopped and buildings rocked, but no 
damage was reported. 

" Pbtaluma, January 2. — ^This afternoon, a few minutes past 12, a 
sharp shock of earthquake passed through Petaluma, with vibrations 
from east to west. 

" San Leandro, January 2. — A sharp earthquake shock was felt 
bere to-day at 12 :02. The oscillations were from nortlieast to south- 
Tvest. The duration was about ten seconds. 

" San Eafael, January 2, — A rather sharp earthquake shock was 
felt here at 12 noon to-day, lasting several seconds. The vibrations 
-were from east to west. 

*^ Boulder Creek, January 2. — A severe shock of earthquake was 
felt here at 12 o'clock, continuing for several seconds. The vibration 
was from southwest to northeast. There was a general rush for tlie 
streets, but no damage was done. 

" Spanishtown, January 2. — A severe shock of earthquake occurred 
at three minutes before noon to-day. The vibrations were from east 
to west. 

"Merced, January 2. — ^A slight shock of earthquake was felt here 
at 12 o'clock to-day with vibrations from east to west. The shake was 
ii5| . heavy enough to cause the glassware on the shelves to rattle. 

** Eedwood CiTV, January 2. — ^Two sharp shocks of earthquake were 
felt here to-day at two minutes past noon. The vibrations were east 
and west." — San Francisco Examiner. 

San Jose, January 2. — "Buildings shaken so that their motion was 
- plainly visible. Many clocks stopped at 12 :00 :30 p. m." — San Jose 
Herald. 

Seismographic records obtained at Mills College by Prof. Keep and 
*t Oakland by Mr. Blinn show the greatest disturbance to be in a direc- 
'ion running from northeast to southwest. 
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Mr. Blinu's. seismometer gives a diagram indicating that the maxi- 
mum double afmplitude of the pendulum was 3*8 mm. The diagram con- 
sists of many (not less than 25) intersecting loops. So far as one may 
judge from the tracing, the instrument was in good adjustment. 

Prof. Keep's tracing is of the same general character, but with a 
maximum double amplitude of 5*8 mm. 

These maximum double amplitudes probably indicate very little in 
a diagram of this kind, in which the pendulum makes so many vibra- 
tions; for one cannot tell to what extent it is a "resonance'' phenom- 
enon. 

The Carson City seismometer (0. W. Friend) gives a tracing even 
more complicated than either of the preceding; it is the smallest of the . 
three, but every azimuth is filled with fine lines. . 

The glass plate of the San Jose instrument was jarred by ^he earth- 
quake and the record spoiled. 

A third shock of intensity III on Rossi-Forel scale is reported by 
Prof. Holden as occurring at the Lick Observatory at 8:18:21 p. m. 

January 12. — Berkeley, 1 : 36 a. m. — Prof. Hilgard reports a "light 
earth-tremor lasting a little less than a second, but preceded by a 
marked rumbling from the southwest. " 

January 13.— Mount Hamilton, 2:68 p. m., I to II Bossi-Forel 
scale; observed by Mrs. Breseno. 

February 15. — Downieville. — Quite a shock felt between 2 and 
3 a. m. 

January 21. — San Francisco, 2 : 24 : 35 J p. m. — Artificial earthquake, 
caused by the explosion of 3,000 pounds of blasting powder, for the pur- 
pose of clearing away a hill in San Francisco. 

But few rocks were scattered; the hill collapsed and the earth in the i 
neighborhood showed deep crevices. 

No distubance was observed on the San Jose seismograph, which was i 
watched by Prof. George. Kor was any record obtained at Mount Ham- j 
ilton, where it was looked for with mercury basins.^ i 

February 24. — Independence, 3:10 a. m. — Reported by Mr. O. 
Mulholland as follows: "A strong earthquake shock. The tremor was 
•preceded an instant by a rumbling sound. The motion appeared to be 
a little east of south to west of north, i. e., parallel to the Sierra Nevada 
Mountains. The house shook so that the pans and dishes rattled. A 
strong breeze from the south had been blowing all night, but at the 
time of the tremor there was a brief but complete lull; then the breeze 
set in as before." 

April 4. — Mount Hamilton, 4:30 a. m. — "A light, but prolonged 
shock from east to west," reported by Prof. Holden. 

April 12.— Mount Hamilton, 9 : 29 ( ?) 41.— "A sudden, slight earth- 
quake of intensity II, Eossi-Forel scale," reported by Prof. Holden. 

April 13. — HEALDSBURa.— A sharp shock at 11 :40 p. m. 

>PublicatioiiB Astronomical Society of the Pacific, vol. m, page 132. 
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YiSALiA. — Earthquake at 10:30 p. m. VibratioTis from nortli to 
south. 

May 8. — ^Berkeley, 6:10 p. m. — Prof. Frank Soule writes: ^' Very 
slight in San Francisco and Oakland, so much so that comparatively 
few people noticed it. The Ewing and Gray-Milne instruments, 
though in excellent order and very sensitive, were not set off. The 
duplex gave a small record indicating that the direction of the shock 
was from northwest to southeast. From individual accounts, I should 
rate it as II in the Eossi-Forel scale. 

San Rafael, 6:08 p. m. — A heavy shock lasting about six seconds. 
The vibrations were from Avest to east. 

May 19. — Susanvillb. — Seven shocks felt; two very heavy; time 
not reported. 

May 20. — Mills CoLLEaE. — Prof. Keep writes: "An earthquake 
was felt here last night about 10 o'clock. The shock was slight, but 
was preceded by a peculiar sound which made me brace myself for a 
severe shock.'' 

The seismograi)hic record accompanying this letter shows the greatest 
disturbance to have been iir a north and south direction. 

June 22. — Pasadena and San Fernando.— Slight shocks felt be- 
tween 8 and 9 o'clock in the evening. 

June 28. — San Francisco, 3 :02 :45 a, m. — ^Eeported in San Francisco 
Chronicle as follows : "A double shock of earthquake occurred early yes- 
terday morning. -It was not heavy, and was of such brief duration that 
not many of the citizens who were awake at the time could have noted 
it. F. W. Edmonds, the assistant in Prof. Davidson's observatory, was 
at work when the shock came and noted its features, afterward com- 
paring his figures with those recorded by a small seismograph. The first 
shock began at 3:02:45, Pacific standard time, and eiuled five seconds 
later. The vibrations were east and west. Then at 3:03:05 there was 
another shock, so brief that the duration was not recorded. It was 
sliarper than the first shake, but had the same motion. 

" Prof. Davidson remarked to a Chronicle reporter yesterday that one 
night last week, while he was making observations for latitude, there 
^was an almost imperceptible quake. He was reading the level of the 
instrument at the time and noticed that it was suddenly shaken, the 
bubble moving backward and forward several times in quick succession. 
The extremes of this motion as marked by the bubble were three or four 
millimeters apart. The vibrations were north and south." 

Mount Hamilton. — ^Waked sleepers, set hanging lamps in vibration, 
rattled windows, pictures, stoves, etc. Ewing seismograph clock did 
not start; components were therefore recorded as straight lines. The 
actual displacements of the earth were as follows : North and south = 0*24: 
ioches; east and west = 0-39 inches; vertical = 045 inches. 

Prof. Holden makes the time 3 : 02 : 08^ i 20s. P. S. T. 

' The first time here given is probably wrong. E. B. H. 
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Mr. Oaiiipbell makes the time 3 : 02 : 36 ± 2s. P. S. T. 

Mr. Schaeberle makes the time 3:02:35 (watch). P. S. T, 

Intensity on Rossi-Forel scale, V. 

M AYFiELD.— "A slight shock of earthquake Was felt here at 3 o'clock 
this morning. It lasted four seconds. Trembling vibrations were fol- 
lowed by two shocks.'' — Telegram to San Francisco Chronicle. 

June 29.— Mount Hamilton, 8 : 06 : 31 dL 2 a. m. ( W. W. Campbell) ; 
8:00:32 (J. M. Schaeberle).— One quick shock lasting for less than half 
a second; Rossi-Forel I or II.* ^^Recorded on duplex, but not on Ewing 
seismometer.'' .No record of measured displacements. 

July 13. — Monterey, 4:27 p. m. — A sharp shock with vibrations 
from southwest to northeast. Clocks were stopped and crockery 
thrown from the shelves. 

July 17. — HoLLiSTER, 1 a. m. — Quito a severe shook; no damage. 

July 30. — Lebdo, Mex., was the center of a very severe earthquake 
about 6 o'clock a. m. It appears to have caused a tidal wave of con- 
siderable height at the head of the Gulf of California. The country 
is so thinly and poorly settled that no damage was done. The reports 
of this earthquake are so indefinite and. contradictory that we have 
really very little reliable information regarding what nuist have been 
at least a very widespread disturbance. One newspaper report from 
Yuma, Arizona, makes the direction of the shock from east to west. 
Among other curious freaks a number of salt springs are said to have 
been made fresh; but judging from later investig|itions made by a 
Chronicle reporter who visited the scene, no reliance is to be placed 
on any statement of this kind. 

August 9. — Monterey, 9:41 a. m. — ^A heavy shock, causing build- 
ings to rock. The vibration was from north to south. 

September 12. — Cedar City, Utah, 8 :48 p. m. (C. Mulholland). — 
" Shock heavy and accompanied by a sound like that of a heavily loaded 
wagon passing over a street paved with granite'blocks. Its duration 
was brief, and there was but one shock." 

September 16. — Salem, Oregon, 8:30 p. m. — ^The shock was brief 
and distinct, and was followed by a wave-like motion lasting several 
seconds. It was felt in all large buildings; windows rattled. 

September 21. — Port Angeles, Wash. — Reports differ as to time, 
some claiming that the shock occurred at 4:10 a. m., others at 5 a.ni. 
It is possible there were two distinct shocks. The direction of vibra- 
tion was from northwest to southeast. Many people were awakened 
from sleep. Houses trembled and chinaware rattled. 

Port Townsend.— Shock felt shortly after 4 o'clock a. m. Dishes 
rattled and sleeping people were awakened. 

September 22. — Victoria, B. C, 3:40 a. m. — Sharp shock felt all 
over city; lasted about seven seconds. 

September 23. — He^ldsburg, 1 :30 p. m. — " Very severe and long- 
continued shock ^ one of tffe most severe ever felt in this viciiiity,'^ 
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October 2. — ^Mount Hamilton. — Prof. Barnard reports as follows:' 
''From one and one-half to two seconds' duration. A very decided 
shock. Gradually increased in intensity. 7:19:55 P. S» T. end of 
shock." 

Prof. Holden gives the time as 7:19:55. Intensity II on Rossi-Forel 
scale. Ko record on seismometers. 

October 11.— Felt generally over the central portion of the state. 
Following are the newspaper accounts: 

" Sak Francisco. — A slight earthqunke shock was felt throughout 
the city last night. It seemed like the heavy, noisy rumble of a cart, 
and was perceptibly felt in every part of the town. Prof. Davidson 
was at work in his observatory when it occurred. He did not consider 
it severe enough to disturb him in his investigations, as the pier upon 
which his instrument is placed was not thrown out of level in the 
slightest degree. The earthquake lasted for thirteen seconds, begin- 
ning at twenty-seven minutes and thirty-two seconds after 10 o'clock and 
ending at twenty-seven minutes and forty-five seconds after 10 o'clock. 
An unusual feature of the shock was that it began light and gradually 
increased until it was greatest during the last three seconds. The di- 
rection was southeast to east southeast. Prof. Davidson had no means 
of ascertaining the velocity of the shock, but he did not consider it in 
any way severe." 

Mr. Burckhalter reports from the Chabot Observatory that the mean 
time clock was stopped at 10:27:49 p. m. His seismograph shows the 
actual displacement of th^ earth to have been 2'5 mm. in an east and 
west direction. 

" SuisUN, October 11. — At 10:29 o'clock to-night a heavy shock of 
earthquake shook up this quiet little city in a frightful manner. The 
shock lasted nearly half a minute. It was the heaviest earthquake 
known of here for years. The damage is slight, but the friglit of the 
X>eople was extreme. 

" Oakland, October 11. — A sharp shock of earthquake was felt here 
last night at 10:26, the vibrations being from north to south. Win- 
clows were shaken, but no damage done. 

" Sacra:mento, October 11. — A pretty lively shock of earthquake, 
or a double shock, was felt here at 10:28 to-night, but it was not heavy 
enough to do any damage. Many persons did not feel it. 

" San Jose, October 11. — A slight shock of earthquake was felt here 
at 10:28 this evening. The movement was from northeast to south- 
west. 

" Winters, Cal., October 12. — There was a heavy shock of earth- 
quake here last night about 10:30 o'clock. It was heavy enough to 
wake people from a soutid sleej). The vibrations were from east to 
west and lasted two or three sec^onds. 

" Fairfield, Cal., October 12. — There was a heavy shock of earth- 
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quake here last night at 10:30 p. m. and another at 4 a. m., but no 
serious damage was done. 

'' Spanishtown, Oal., October 12. — Quite a heavy shock of earth- 
quake was felt here at 9 :29 last evening. 

'' Sonoma, October 12. — Sonoma and vicinity were visited last night 
at 10:28 o'clock by the severest earthquake ever felt in this section of 
the State. The people were shaken out of their beds, chimneys were de- 
molished, windows broken, and the interior of almost every plastered 
house in the town shows effec1:s of the shock, which last<»d about eight 
seconds. The temblor was a series of vicious twisters. Pickett's rem- 
dence and wine cellar at the outskirts of town were badly damaged, 
the interior of the house presenting a scene of desolation. On S. F. 
Ringstrom's farm a large chimney fell and went crashing through the 
roof to the floor below. Several chimneys in town were also over- 
thrown, but fortunately no one has been injured. Reports from all 
over the valley show more or less damage. On the Polpula ranch, 
which contains a number of warm- water springs, the earthquake caustd 
the water to gush forth in perfect torrents. The first shock of the 
evening was slight and felt at 9:15. Then came the heavy one, aft^r 
which, at intervals of an hour or so, there were eight or ten other 
shocks. More or less damage was done to every building in Sonoma 
Valley. People are greatly excited and everybody is talking < earth- 
quake.' 

" Petaluma, October 12. — At twenty-five minutes past 10 last night 
the heaviest earthquake shock since 1808 passed through Petaluma. 
Door-bells were rung and some plastering badly cracked. The heavy 
shock was preceded a few minutes by a light one, and after it came 
six or seven other shocks, the last one being at 5 o'clock this morning. 
Many people were kept awake most of the night. The main shock 
lasted fully nine seconds. 

'^ Napa, October 12. — The heaviest earthquake shock ever felt here 
was experienced at 10:34 o'clock last niglit. The people rushed out 
into the streets greatly frightened, and the whole town was in commo- 
tion. The shock was especially heavy at the insane asylum, and the 
inmates were almost uncontrollable. 

" The first shock came at 9 :1G, but it was light. At 10 :29 came the 
heavy shock, which lasted forty-six seconds. It was a twisting mo- 
tion from right to left. Some people fainted, and all were greatly ex- 
ercised, but no fatalities are reported. Lighter shocks followed during 
the entire night. Some say there were twelve shakes, while others 
profess to have counted as high as seventeen. Some people remained 
in the street all night, and others did not sleep for fear of a repetition 
of the dread sensation. The damage will not be very heavy on any 
one building, but in the aggregate is considerable. Scores of chimneys 
are thrown down or turned three-fourths around. Many brick build- 
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iiigs are badly cracked, and the wall decorations in most of the fine 
houses are badly damaged, while nearly every house had some bric-a- 
brac and crockery destroyed. The insane asylum reports some dam- 
age to the walls and tower, but nothing serious. 

" St. Helena, October 12. — The heaviest earthquake shock ever ex- 
perienced here occurred at 10:30 o'clock last evening. Houses shook, 
crockery rattled, and clocks stopped. The vibrations appeared to be 
south to north, followed half an hour later by a light shock, and one 
also at 5 o'clock this morning. 

*^ Santa Eosa, October 12. — The severest earthquake shock felt 
here in four years occurred last night at 10 :32 o'clock. The oscilla- 
tions lasted forty-five seconds. A slight trembling was perceptible 
for three or four minutes. 

" San Eafael, October 12. — The most severe earthquake exper- 
ienced here for years was felt last night at 10:26 o'clock. The 
shock lasted about twelve seconds. It was preceded by a dull rum- 
bling noise like a heavy wagon rolling over the pavement. Much ex- 
citement was caused, and saloons and business places open at the time 
were soon relieved of their patrons, everybody seeking refuge in tbe 
street. Two shocks of lesser power were felt this morning about 4 
o'clock." 

October 13.— Mount Hamilton, 11 :0 :30 (Prof. Holden).— " Inten- 
sity II, Eossi-Forel scale." 

Prof. Barnard reports as follows: "Three shocks of earthquake 
were felt in rapid succession. Interval between the individual shocks 
about one and a half seconds. The last of thest! three was the most 
severe. This occurred at 11:00:09 P. S. T. The shocks were simply 
quick jerks, and ought to have been powerful enough to wake a per- 
son from ordinary sleep." 

Mills CoLLEaE, 10 :28 p. m. — Prof. Keep sends a very complicated 
diagram from his seismograph, indicating disturbances in all directions. 
Maximum north and south = 3-0 mm. ; maximum east and west = 
4*0 mm. 

The above figures are for the actual displacements of the earth. 

October 14.— San Francisco.— Felt in all parts of the city. Prof. 
Davidson says: '^The last shake was similar to the one of the 11th in- 
stant in its wave-like vibrations. Its greatest force was during the first 
seven seconds, and its entire duration was ten seconds. Time of be- 
ginning, 4 :33 :23 o'clock. Direction of the vibration, north and south." 

Following are newspaper accounts: 

" Napa, October 14. — The earth continues to tremble. Foiir shocks 
have been felt here this morning. At 4:30 a. m. the people were 
startled with quite a heavy shock, and several lighter ones have fol- 
lowed. The damage done by Sunday night's shock is much more than 
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^Vil^^ at first stti)i)ose(l and will amount U) several tliousand dollars* 
Many of the i^eople here are so terrorized that they have hardly slept 
since Sunday evening, and the slightest shock now starts many into 
the streets." 

''Petaluma, California, October 14. — Another lively earthquake 
shock passed through Petaluma this morning about 4:30 o^clock, and a 
much lighter one about 7. The vibrations were north to south.'' 

"SuisuN, October 14. — Shortly after 4 o'clock this morning the peo- 
ple here were aroused from their slumbers by another sharp, severe 
shock of earthquake. It was not as severe as the first one that occurred 
on Sunday night." 

"San Rafael, October 14. — Quite a severe earthquake shock was 
felt here this morning at 4:25 o'clock. The shock lasted about ten 
seconds. The vibrations were from west to east." 

Prof. Keep reports that the seismograph at Mills College indicated 
an actual displacement of the earth in an east and west direction 
amounting to 1 mm. 

October 27.— Mount Hamilton, G:35:43±1s. (Prof. Holden). — ^In- 
tensity I or II on Rossi-Forel scale. Prof, l^arnard reports this as " a 
decided shock," occurring at 0:35:44. 

November 8. — Ashland, Oregon. — Following is the newspaper 
account: ^^The first time an earthquake shock has been felt in Ashland 
for years was last niglit about 8 o'clock, when a distinct shock, though 
light and lasting only a very few seconds, caused a general rattling of 
window panes in many buildings in town. Though the shock was not 
heavy enough to cause even timid people any alarm, many unused to 
such occurrences did not realize what the disturbance was at the time." 

November 29. — Seattle. — At 3:21 o'clock this afternoon two 
shocks of eiirtluiuake, lasting about five seconds each, were felt here. 
No damage was done. 

The direction of the vibrations was scmtheast to northwest. One 
building swayed so much that the elevator bumi)ed against the side of 
the shaft and could not move until the shock was over. Lake Wash- 
ington, on the east side of town, was laslied into a foam, and the water 
roHed on to tha beach 2 feet above the mark of the higliest water and 
8 feet above the present stage. 

Eeports from Snohomish and Bellingham Bay towns say the shock 
was plainly felt there. 

Port Townsend, November 29. — A distinct shock of earthquake . 
was felt here at 3:14 this afternoon. The shock continued fully twenty 
s-iconds. Buildings shook, windows rattled, and many persons rushed 
out of tlieir houses. There waj^no dtunage done. 

Tagoma, November 29. — A slight earthciuake was felt all over the 
city at 3:1() this afternoon. No damage was done. Dispatches say 
there was a severe shock but no damage done at Olympia. 



HOU>EN.] 



CHRONOLOGICAL RECORD, 1691. 



29 



Mendocino, November 29. — Two shocks of earthquake were felt last 
night at 10:45 o'clock, preceded by a rumbling noise. There were two- 
minute intervals. 

December 16.— Mount Hamilton, 8:28:12 a. m. — Prof. Schaebarlo 
estijiiates the intensity at I on the Rossi-Forel scale. 

December 21. — Mount Hamilt.on, 6:15:41 ± p. m. (Prof, llol- 
dcn)« — Intensity II on Eossi-Forel scale. 

December 29.— Mount Hamilton, 3:26: 50 ± 3s. a. m.— Intensity 
I to II on llossi-Forel scale. 
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PREFACE. 



In* the following chapters, I have commenced a serious study of the 
volume thermodynamics of Hquids and solids. The work is, as yet, con- 
fined to volume, pressure, and temperature. Questions involving en- 
tropy and energy are also in active progress, but can not be included 
in the present bulletin. 

Accordingly the first and third chapters describe the method of gen- 
erating*and measuring high pressure (i. e., pressures up to 2,000 or 
3,000 atmospheres) in full. The second chapter treats of the isometrics 
of liquids, and it is found that they can be very nearly represented by 
straight lines (Lc^yy, Eamsay, and Young). The fourth chapter finally 
traces the isothermal s, as yet of but one substance 5 but the results are 
none the less noteworthy since they indicate the occurrence of a criti- 
cal temperature solid-liquid, and show a probable method of coordinat- 
ing the normal type of fusion with the ice type, in a continuous diagram. 
The far-reaching importance of hysteresis, as accompanying all changes 
of molecule, whether chemical or physical, whether induced by stress, 
magnetization, temperature, or the intervention of affinity, and whether, 
observed electrically, mechanically, or chemically, etc., is emphasized. 

Thtj work as a whole is tributary to the geologic views. of Mr. Clar- 
ence King, by whom the importance of a deeper insight into the vol- 
ume changes of liquids and solids was pointed out. C. B. 
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THE VOLUME THERMODYNAMICS OF LIQUIDS. 



By Carl Barus. 



CHAP TEE I. 

METHOD OF OBTAINING AND OF MEASURING VERY HIGH PRES- 
SURES. 

INTRODUCTION. 

1. Andrews's screw compressor lias this advantage that the strains 
are all brought to bear within the compass of the barrel. In other 
arrangements, such for instance in which a cylindrical i)lunger is forced 
into the barrel, stress must be exerted on the bed plate or applied in 
a way tending to flexure of the plunger. It seemed to me, therefore, 
that the screw ex)mpressor might well be taken as a model for an ap- 
paratus of greater strength and efficie!icy than was necessary in An- 
drews's work. Indeed, Andrews himself seems to have been of this 
opinion,^ and toward the close of his life devised an apparatus in which 
screw plungers are an essential part. Haniiay and Hogarth,^ however, 
were the first to carry a practical improvement of the screw inta exe- 
cution. They reached pressures but slightly short of 900 atmospheres, 
stating that their reasons for stopping work at this datum are quite 
apart from the ^fl&ciency of their apparatus. With the screw compressor^ 
described below I obtain 2,000 atmospheres with facility (§ 17, 23). It 
is 80 constructed that a considerable volume of liquid can be operated 
upon, admitting of compressions of bulk of 5 cubic inches. Finally, 
special provision is made for the insulation of parts, thus enabling the 
operator to ai>ply the essential electric methods in studying his test 
samples.^ 

Particular notice should here be given of the remarkable modifica- 
tion of Desgoffe's differential manometer, by which Amagat^ succeeded 
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pressure, but wliereas ou the one hand Amagat has as yet given only 
a meager account of his macliine, Prof. Tait on the other has so recently 
described an apparatus on the principle of the "manometre k pistons 
libres," that it seems expedient to refer the reader to Prof. Tait's 
;nemoir.^ 

THE SCREW COMPRESSOR. 

2. General method. -^ThQ apparatus consists essentially of a strong 
wrought-iron barr.el ABC, PI. i, the head of which AA is suitably 
threaded, so that a steel screw 88TT can be forced into it. The pie- 
zometer tubes are attached at the end GC of the barrel. Barrel and 
tubes are quite filled with oil. 

8. Special devices. — It will facilitate comprehension if I state here at 
the outset the two chief devices used in the construction of the machine. 
The first of these is the tinned screw. This is an ordinary, well-cut ma- 
chine'screw of iron or steel, covered with a uniform thin adhesive layer 
of solder by dipping it in a vessel of the fused metal, soldering salts being 
used in the ordinary way. S<H-ews of this kind, when forced into their 
sockets, secure complete freedom from leakage Gauges and other ap- 
purtenances may thus be attached to the barrel or removed from it 
with convenience. The other device is the gasket of marine glue^ or 
other very viscous liquid. A stuffing box is easily made, by which this 
substance is kept pressed against the threads of the screw, or against 
the smooth walls of a cylindrical plunger. The viscosity of marine glue 
is such that, whereas it easily admits of being shaped by pressure to 
fill up any cavity, the substance is yet far too viscous to flow through 
capillary interstices like those between the metallic parts of a well- 
fitting screw, except after 'the lapse of an enormous time (months). 
Thus I found the absolute viscosity of the glue to be 200x10^ It 
would therefore require 1,000 atmospheres to force the cement through 
a capillary aperture .Ol**™ in diameter and 1®"* long, at the small rate 
of only .05«™ per hour, supposing (an unfavorable supposition) that its 
viscosity does not increase under pressure. For larger pressures the 
rate is proportionately increased. Now, it is the propert;^ of the above 
screw to close the apertures under pressure, since the metallic parts 
under these circumstances are bound more closely together. This prob- 
ably further accounts for the insignificant leakage actually observed. 
I may note in passing that the viscosity of a pitchy substance like marine 
glue is therefore 20 billion times that of water. 

4. Steel screw. — To rotate the screw ST conveniently, it is provided 
with a lever and ratchet LDBR. The ratchet wheel is shown at RB 
in PI. 1, 1 and 3, and is cut so as to correspond with the right and left 
click ]). A pin E^ sliding in a socket of the lever X, and actuated 

» Tait: ChaUenger Reports, 1873-'76, Physics and Chemistry, vol. 2. See Nature, vol. 41, p. 361, 1890. 
* Supplied by M. Ducretet, of Paris, or by the Soci<it6 Geuevoise. It is a specially prepared mixture 
of rubber and shellac. It may be thickened by adding shellac. 
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by a spring, enables the operator to adjust the ratchet either for for- 
ward or retrogi'ade motion of the screw ST, or wholly to withdraw the 
click from the ratchet, as shown in PI. i, 3. The figure gives a full ac- 
iioxmt of the manner in which the parts of the lever and ratchet are put 
together. The ratchet wheel is securely forged to the screw. Essential 
parts are made of steel. 

The screw ST is 1 inch in diameter. On the front half of it a thread 
of 12 turns to the inch is cut from the end to about 1 inch of the ratchet 
wheel. The rear half is a cylindrical shaft held in position by a journal 
HHH. The latter is bolted down to the bedplate FG, and addition- 
ally secured between slides, as shown in PI. i, 2. 

5. Barrel. Head, — The planed front end of the cast-iron bedplate FG, 
the part FF of which is hollowed out so as to catch drippings, carries 
the barrel BBB already referred to. It is seen in 6ross-section in 
PL 1, 8, and its flat side is firmly secured to the plane of the bedplate by 
two bolts. The head A A of the barrel carries the stufiing box M, 
of special construction. The eflBciency of the screw depends entirely 
on this arrangement, and it must therefore be described in detail. Ick 
is a hollow steel nut of the form shown, and provided with a large flange 
for screwing it in place. Both the inner and the outer cylindrical sur- 
faces of the nut Ick are threaded, with 12 turns to the inch. Moreover, 
the inner thread hhhh of Ick is a continuation of the thread aaaa 
in the walls of the barrel. And since the thread cccc also has 12 turns 
to the inch, it is clear that the nut klc can be forced in or out of the 
head AA, no matter what the position of the screw ST may be. In 
practice cccc is cut first and the nut screwed in place. After this the 
whole thread bbaaaabb is cut at one time. To prevent leakage of the 
oil in the barrel through the threads of the screw, the gasket of marine 
engine mm is inserted and kept firmly pressed against the tlireads by 
the gland Jck. At high pressure the friction is sufticieut to hold the 
nuts in place, thus obviating the need of lock nut. 

It is seen that after the screw enters the barrel the chief strain of 
compression is borne by the thread aaaa. The threads cccc and bbbb 
hold the material of the stuffing box forcibly in place. 

6. Barrel. Head, improved. — There is an objection to this form of 
stuffing box, inasmuch as at very high pressures the threads aaaa and 
bbbb tend to act as lock nuts on each other. To obviate this annoyance 
I devised the method shown in PI. i, 4 and 5. Here the thread aa is 
movable, being on the inside of a ring rr of steel, which fits snugly in 
a socket of the barrel. The ring rr, though capable of moving back 
and forth, can not rotate, being prevented by a projection correspond- 
ing to a slot in the barrel. In this way the material in the stuffing 
box is not forced into the barrel on actuating kk. Note that the 
thread within kk is carried quite to the end, and that the inner face 
of kk is beveled very obliquely, thus allowing the gasket to encircle 
a greater number of tlireads of the screw SS. The strain is now borne 
by the thread bb. Experiment has shown this to be no disadvantage. 
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7. Barrel. Body. — This is i)erforated by four or more holes (PI. i, 1) 
about three-eigliths of an inch in diameter, and threaded to admit the 
tinned machine screws. Two of these MM are vertical, the other two 
Ny (PI. 1, 8), horizontal. They are of use in filling the barrel with oil, 
for attaching gauges and other appurtenances. 

8. Barrel. End with piezometer tube.^ — The steel tube uuu is in- 
serted in such a way as to insulate it electrically from the barrel end 
(7(7. A screw is cut on the end of uuu, fitting into a cast-iron fiange 
WW between two cylindrical jackets XX and YY of hard rubber or 
ivory. These parts F, W, Xare screwed to the end of the tube (7, and 
the cylinders Y and X are turned large enough to fit the hole of the 
barrel and the internal aperture of the steel gland ZZ snugly. All 
space within the head CC is filled with marine glue dd. This is easily ac- 
complished by melting the cement into the crevices between Y and Wy 
W and X, before putting the piezometer in plaee. A thick gasket dd is 
also inserted. After this the remaining annular space around TT, 
through whicli leakage might occur, is filled by forcing in the nut ZZ 
gradually, and at a temperature not too low.^ To obviate possible 
electric contact between W and Z, the rubber jacket Y is flanged. 

9. Piezometer tube. Vapor bath. — ^The further end of the piezometer 
uu is closed with a tinned screw V. The substance to be examined is 
inserted in ways which must be specially described for each experiment. 
As a rule the same tubes are adjusted within the compass of a copper 
vapor hsith. ffffy PI. i, 6. This is a hollow cylinder, closed at both ends, 
through which a suitable thin copper tube hh passes somewhat above 
the middle and from end to end. The liquid yy to be boiled is intro- 
duced into ffff and heated with a large burner. The vapors escaping 
at ^ are condensed and run back, thus making the ebullition continuous. 
A number of baths of this kind are at hand, each containing a substance 
of suitable boiling point. In order to pass from one temperature to 
another it is merely necessary to slip off* one vapor bath ff and slide 
on another. The copper vessels are to be surrounded with thick as- 
bestos jackets in the usual way, and proper provision made to close up 
the ends of the tube hh so that convection currents may be obviated. 

10/ Method of filling. — ^When the screw is in good adjustment leakages 
are small and fresh supplies of oil are not frequently necessary. 'A 
convenient method of filling the screw with oil is indicated in PI. i, 8: 
The steel rod oo^ threaded at one end and provided with a strong cross 

1 Weldless cold-drawn steel tubing of any dimension may be obtained from John S. Leng, New York, 
or of Philip S. Justice, Philadelphia, Pennsylvania. Both gentlemen are iigents of English houses 
whose address is not known to me. 

3 The figure in somewhat diagrammatic here to exhibit the parts. In practice I use hard-rubber 
cylinders XX and ¥Y, and two hard-rubber annular disks between rFand TTTTand WW and XX, re- 
8i»ectively. When rea<ly for insertion, the cylinders are screwed iigainst TTTT, so that there are mere 
lilms of marine glue left between contiguous planer. Mnally, the nut ZZ is brought in contact with 
the flange JT (disk) by pressure. It is in view of the fact that YY is pressed radially inward toward, 
the axis of UU, as weU an outward by pressure, that the arrangement holds so well. Bepacking is only 
rarely necessary. 
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liaudle at the other, is surrounded by a cyliudrical tube of brass P 
surmounted by a funnel-sliaped inlet Q, Both Q and P arc kept full 
of oil, and to prevent leakage there is an ordinary stuffing box at ]^. 
A spring clamp (not shown in the figure) keeps the ei^d of the tube P 
of the filler PQ appressed against the barrel JiP, a leather washer 
being suitably interposed. To manipulate the filling arrangement, the 
pressure is taken off and oo screwed out without removing it from P. 
The oil in FQ will then follow the retreating screw «T, PL i, 1. To fill 
the barrel completely, one of the screws M may be removed until oil 
exudes. It is clearly advisable to remove all the air out of the barrel 
and piezometer tubes, otherwise 8T must be forced in to a considerable 
part of its length before the air spaces are sufficiently compressed to 
sustain high pressure. Ordinary sperm oil or machine oil of a thickish 
quality, yet sufficiently thin to flow, is available for tilling the barrel. 
It has a great advantage over water in not rusting the barrel, and in 
keeping the moving parts oiled. Mercury is objectionable, since it would 
dissolve the tin coating on the bolts, and thus soon produce leakage. 

11. Case for protection. — Working as far as 2,000 atmospheres, explo- 
sions are not infrequent. They occur with slight detonation, scattering 
thin n^ists of oil. But there has been nothing of a serious nature. It 
is necessary,' however, to surround the barrel with a case of 2-inch 
X>lank, and to put a barricade beyond the end of the piezometer tube. 
A tin pan, suitably fastened below the bed plate of the screw, is ad- 
vantageous in catching oil. After filtering this may at once be used 
over again. 

12. Vertical piezometer, — An adjustment similar to GGtiUj but smaller 
in dimensions, and ending below in a finely perforated screw, maybe 
attached at M. The piezometer is thus fixed in vertical position, and 
is easily adjusted or withdraw^n, while the end of the barrel is available 
for other imrposes. (§23.) A full view of the vertical piezometer is given 
in PI. I, 7, and PI. iii, below, shows the same, with appurtenances. 

In PI. I, 7 aa is a hollow pear-shaped piece of steel, which can 
be attached to the barrel by means of the perforated tinned screw/. 
The piezometer tube of steel is shown at ww, and is provided with a 
steel flange piece cc. The hard rubber flanges for insulation are 
screwed on at d and e, and the system held in i)laoe in a medium of ma- 
rine glue, by the steel gland hh. The advantage of the vertical adjust- 
ment lies in the fact that a surface of separation or meniscus of mer- 
cury is very much less ai)t to be broken in the vertical position of the 
column than is any other. It is also frequently desirable to produce 
gravitational separation of mixed liquids un der i)ressure. Finally, since 
tlie apparatus PI. i, 7 is comi)lete in itself, the electrical and other ad- 
jiistments may be made, and all glass apparatus within un fastened 
before the piezometer is screwed into the barrel. Xote that the tube 
uu and the barrel are insulated from each other. 
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niESSuRE measuui:thent. 

13. Tait gauge. Adjustment. — Tbe gauge connects at If^ PI. i, 8, and 
is shown at qq, tty 88. The essential part is the steel tube qq, closed at 
one end by the tinned bolt r, and connecting at the other with the re- 
ducing piece K. I added y because it is not advisable to cut a deep 
tliread in the tube qq. Connection may be made with j^by a shallow 
line thread and solder, and the connecting thread cut in the thick- 
walled tube of N". The tube qq is filled with oil. To measure the ex- 
pansion of qq under pressure it is surrounded by a close-fitting glass 
tube tttt^ one end of which is joined to the steel tube at piap by a layer 
of marine glue. The other end of tt communicates with the vertical 
capillary tube ss, by which the expansions are measured. 

It is clear that the shell-like space between the steel tube qq and the 
glass envelope tt must be filled with a liquid of small coefficient of ex- 
pansion. 1 first tried mercury, but found it almost impossible to fill tt 
in such a way as to entirely exclude air. Moreover, in view of the fric- 
tion of the merciuy thread in hs, any tracje of air in tt will produce ir- 
regular motion, and vitiate the experiment. Colored alcohol shows too 
much thermal expansion. I therefore used water colored with an 
alcoholic solution of fuchsine. Under these circumstances a sufficient 
constan(»y of temperature may be obtained by surrounding tt with a 
jacket uu of circulating cold water coming directly from the hydrant. 
Thus the temperature error may be reduced so as not to exceed 10 
atmospheres, reasonably slow motion of the screw presupposed. (See 
below.) To keep the liquid in 88 at a given fiducial mark, a special ad- 
justment for moving the meniscus suggests itself; but this is an ex- 
ceedingly difficult device to apply, seeing that there must be the mini- 
mum of water in tt, and that obsolutely tight joints are essential. 
Hence T raise or lower the meniscus and color it, when faded, by in- 
serting filunentary glass tubes into the canal of 88. Such tubes are 
easily made by drawing out a wide glass tube and then covering the 
open wide end with a rubber cap. Using such tubes there is little 
difficulty either in adding more liquid to the thread in 88 or in with- 
drawing liquid from it. 

It is advisable to protect the steel tube qq from rusting, either by 
nickel-plating it or in other ways. I observed, however, that water 
free from air and containing a little alcohol does not easily rust iron. 
After an exposure of several months, bright surfaces were still untar- 
nished. A dilute solution of rubber may possibly be used for coating 
the tube. Thick coats are to be avoided, because they interfere \vith 
the expansion. 

In later experiments I made the joint at the closed end of the glass 
envelope hermetic and rigid, as follows: In PI. i, 8 a i« a layer of ma- 
rine glue between steel and glass, and u a plug of fusible metal, the 
whole being surrounded by an external close fitting copper envelope 



TARiTs.] TAIT GAUGE. 23 

(wired to the glass) §. The latter being a prolongation of the glass 
tube, the layers a and// are melted in, while the gauge is held in a ver- 
'tical position. The effective part of the steel tube qq^ is about lOO*"** 
long, l^"" thick externally, and •S*'"* in internal bore. A capillary tube 
of the rather wide bore '07®"* is then sufficient for measurement, show- 
ing a displacement of meniscus of nearly 2®™ per 100 atmospheres pres- 
sure. Data are given more accurately below. My reasons for using a 
long tube are these: That the effective length can be more accurately 
stated. In short tubes the error at the joint ^a is much more serious. 
Again, since the expansion corresponding to a given pressure increases 
in absolute magnitude with the length of g^, it is clear that a wider 
capillary tube at S8 will suffice when gg is long. A wide capillary h8 is 
obviously convenient, since it can be more easily adjusted for zero in 
the way just stated, and since the tube gg itself can be more easily 
filled by aid of the air pump. When the gauge is properly chaiged 
and adjusted, it must show no displacement of the fiducial zero during 
the interval of experiment. 

In later experiments I bent the vertical tube «s, PL i, 8, horizontally, 
so that its measuring parts lay close to uu and immediately above a 
millimeter scale. A somewhat finer capillary corresponding to about 
2,000 atmospheres per meter was used with advantage. So constructed 
the Tait gauge^ is very much more compact and less fragile. 

14. Tait gauge. Graduation. — To graduate the gauge I compared it 
with a large Bourdon gauge, reajding from to 1000 atmosphere. The 
tube of the latter in this case communicates with the barrel through 
one of the screws Jf. This comparison with the Bourdon gauge is a 
check on both instruments, and the statistics are therefore given be- 
low. It affords no means of checking the correct value of the standard 
atmosphere employed. But since both gauges are based on Hooke's 
law, and provided with scales of equal parts, the relations are well in- 
dicated. In the table 2a o, 2^1, and X, denote the internal, the ex- 
ternal diameters, and the length of the steel tube gg, PI. i, 8, 2 /», is the 
bore of the capillary 88. 

' The form of steel liigh pressure gange based on Hooke's law recommended but not constructed by 
Prof. Tait (loc. cit.), is somewhat different from the above. I think my form has the practical advan- 
tage of greater simplicity, being essentially a single-walled tube. The method of computation is due 
to Prof. Tait. It was my purpose to make the tube tt of brass, so that the heat of compression would 
be more quickly dissipated. But I failed to obtain tuliang of the proper bore and strength until quite 
recently. 
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fBTTU.. Oft. 



Tahlk 1, — Comx)arison of Tait gauge xVo. Oy and Bourdon gauge. 

[ao — ■27«="; a, = 1.00*"; L — 100^"; p — .o:w««.J 



Time =1.1 15' 



Hounloii. 



Atiii. 

lOO 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
900 
800 
700 
600 
500 
400 
300 
200 
100 

I 

I 

Rate, in' 
centime-j 
t(jr«, i)er 
atni OH-j 
piiere. . . I 



Tait. 



9 

7 



-30 
•5.'> 
5-95 
4-50 
3 -04 
1-74 



^^-.0109 



SO"" I 
Tait. 



Cm. 


Cm. 


1-90 


2-10 


3-58 


3-70 


5 -20 


5-50 


7 05 


7-25 


8-70 


9 00 . 


10-50 


10-72 ' 


*12 -.50 


12-51) ' 


14-10 


14 -10 


15-65 


15 -70 


17-22 


17-20 


18-80 


19-00 


16 -62 


16 -70 


14 -65 


14-70 


12 -80 


12-80 1 


10-95 


11 00 



9-28 
7-55 
6 00 
4-55 
3-12 
1-90 



-0171 



4501 


75 « 

Tait. 

« 

Cm. 
2-18 
3 -85 
5-55 
7-45 
9-10 

10 -a5 

12 -55 

14-20 

15 -85 

17 -45 

19-10 

16-80 

14 -70 

12 -92 

11-12 

9-35 

7-60 

6 15 

4-60 

3-20 

2-00 


00" 


Tait. 


Tait. 

Cm. 
2-16 


Gm. 
2-00 
3-00 


5-35 




7-20 

8-90 


7-30 


10 -70 




12 -45 
14-10 


12-70 


15-70 




17-30 




19 00 
16-80 


19 -20 


14 -63 




12 -75 




11 -00 
9-23 


11 00 


7-50 




6-10 
4-60 


5-85 


3-15 




1-QO 


1-60 


•0172 


•0172 






••..••••.• 



m • 



* Break in tlie nieaHiirements. 



16. — Table 2. — The same gauge (•ompariaone (No. and Bourdon) after long use. 



Larjjc 
Eourdon. 




li^ictor. i Mean. 



6-27 -01715 ; 



1725 I. 
1720 ,. 
1728 '. 



•01722 



Small 
Bourdon . 


Lar^e 
Bourdon. 

31 
121 
210 
300 


Tait. 


Tait. 

5 05 
6 -.53 
8-05 
9-67 


Factor. 


Mean. 
. 01725 


30 
120 
210 
300 


4^94 
6-42 
8 04 
9-60 


-01722 
1767 
1667 
1744 









Table 3. — Higli pressure testa. 



r^' LVp^4-9o 



2110 ; 

I 
2160 i 

! 



40 -93 
5-10 

41-95 
5 -20 



16. — Table 1 contains five series of observatious made at the times 
stated. Ill the first four series I went up to the maximum and^own again 
gradually, but not slowly. The last I operated as fast* as the exi)eri- 
ment would i)ermit. To determine the degree of accuracy it is well to 
consult the rates at the bottom of the table. These show that a meau 
dis])lacement of -OlTl^"' of the meniscus takes place in the pressure in- 



nittcs-l • OUAGE COMPARISONS. 2;) 

«;i-i',ii8ing series for each atttiosplicre pressnre. Cousultinj; data oti tlio 
same horizoiitul row it appoara tliat tUe differences of reading of tlio 
new gauge corresponding to a given reading of the Bourdon gauge niH> 
greatest in the region of low pressures. At zero the niaxiniiiiu diflcr- 

^N9 0. 




once observed 4s ■40"'", equivalent to an eiTor of L*4 atniotipheres. Again, 
(M)inparing the two zero rosidinga of tlie last column, the ditt'eiencM! of 
reading in -se"'", corresponding to 33 atmospheres. This, tUeretbre, is a 
maximam index of the tniutearacy of the Tait gauge due to thermal 
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effects of compression and unreasonably hasty work. To diminish thi« 
error further, it is necessary to decrease the bore of the glass tube U 
in PI. 1, 8, thus making the thermometer property of the gauge of smaller 
importance. In the above apparatus this tube was 1'15<"" in internal 
diameter, corresponding therefore to a liquid interstratum •07<>'" thick. 
Clearly this admits of further j eduction. A brass tube would in many 
respects be preferable to a glass tube, siiu*e in this case the heat of 
compression is more easily dissipated: but I did no£ find one of the 
necessary dimensions. 

17. — A second point of view is obtained by comparing tlie data of the 
pressure ^^ou" and of tlie pressure "oif " phases of the above experi- 
ments. For convenience I insert the Chart, Fig. 1, in wliich the data of 
Table 1 are inserted. It is seen at once that the degree of accordance 
in the " on" series is satisfactory. The errors are nowhere larger than 
10 atmospheres. The loci, apart for slight circumflexure, are straight 
lines. In the "off" series, liowever, this good uniformity is lost. The 
data lie on consecutive broken lines. Tlie feature of particular im- 
portance is, however, this : The observation that the " off" data do not at 
all return on the lines of the "on" data. Indeed the two lines, "on*^ 
and "off," inclose a band the maximum width of which is even l.S*'", 
corresponding to 90 atmospheres. Since this band widens at once at 
900 atmospheres, and falls off at zero atmosphere, it is clearly due to a 
virtual shifting of the fiducial zero of the mechanism of the Bourdon 
gauge. 

In the present comparisons, therefore, the "on" series of data need 
alone be considered. It appears for these, slow work presupposed, that 
the error of the gauge in the above form need not exceed 10 atmos- 
I)heres, and that it can certainly be reduced decidedly below this limit 
by diminishing the bore of the glass envelope ttj PI. i, 8. 

18. — ^Table 4. — Comparison of large Bourdon gauge xcith Tait gauge No. i. p=i,0Sl90^™, 



Laree 
Bourdon. 


No.l. 


Diff. 


Large 
Bourdon. 


No. 1. 


Diff. 


Atm. 


.Cm. 


Cm. 


Atm. 


Cm, 


Cm. 





17-18 




900 


51-27 




100 


21-30 


3-49 


800 


47-12 


'4-i5 


200 


25-03 


3-73 


700 


43-10 


4-02 


300 


28-85 


3-82 


600 


3911 


4-00 


400 


32-63 


3-78 


500 


3512 


3-99 


500 


36-50 


3-87 


400 


31-32 


3-80 


600 


40-35 


3-85 


300 


27-75 


3-57 


700 


44-05 


3-70 


200 


24-31 


3-44 


800 


47-55 


3-50 


100 


2100 


3-31 


900 


51-25 


3-70 




 


17-96 


3-04 


Sec 


ond comp 

5-96 
9-42 


• 

arison. 


Anothei' t 


hread ten 


gth. 



100 


! 


1000 
900 


43-40 
3900 




3-46 


4-40 


200 


1317 


3-75 


800 


34-75 


4-25 


300 


3700 


3-83 


700 


30-76 


400 


400 


20-74 


3-74 


600 


26-75 


401 


500 


24-6(/ 


3-86 


500 


22-84 


3-91 


600 


28-45 


3-85 


400 


1913 


3-71 


700 


32-35 


3-70 


300 


15-74 


3-39 


800 


35-78 


3-63 


200 


12-36 


3-38 


900 


39-57 


3-79 


100  


9-14 


3-22 


1000 


43-36 


3-79 1 




1 


6-21 


2-93 
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Third comparUon, J,arge Bourbon gauge uiith Tait gaaget Xo». I and 3. 



bSC 


No. 1. 


No-S. 


^^JL. 


No. 1, 






. Cm. 




































































































































4*-^ 









J, 


fl-lO 


27-9" 


^ 




2SII2 


















































































































































































































































" 


6-02 


2g'SB 


* 




M-97 



IB.— Tablb 5,—CompaTi»on of Tait gauges Not. 1 and 4. 



Bii.1. 


No.*, 


No. I. 


No,*. 


N«,l. 


Nn,4. 
atm. 


-«:J^ 


10:^8 


New a,1juelm 


™i of No 


^- 






20-M 


















^■M 


Z7'S5 
31-71 


si 










5 'S3 






S-flB 
1687 


MBl 


40-07 






ITM 


5B-02 


J?:^ 


1701 


Vi-i 






M-44 

4a-gg 
s-H-ai 






1760 












IB-M 


1102 


28-10 
lB-90 


7M 
388 


iiai 

407 






1-2S 




UO 


00 
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Tahlk 6. — Calibration 8 of Tait gauges Nos, 1 and 4. 



No.l. 


No. 4. 

12-02 
13-63 
15-29 
16-97 
16-96 
15-26 
13-62 
12.04 


SmaU 
Bourdon. 


No.l 
factor. 


No. 4 
factor. 


1-30 
2-28 
600 
9-66 
9-65 
5-90 
2-20 
— 1-30 



100 
200 
300 
300 
200 
. 100 




3-65 
3-69 
3-60 
3-73 


1-63 
1-67 
1-67 
1-61 


3-69 


1-66 

• 



Table 7. — Comparison of Tait gauges Nos. 1 mid 4, 



No.l. 
Cm. 


No. 4. 


Pi. 


P4. 


Cm. 


Atm. 


Atm. 


— -40 


12-40 








8-38 


16-45 


244 


252 


18-23 


20-85 


517 


525 


28-43 


25-40 


- 801 


807 


38-36 


29-80 


1077 


1081 


5004 


34-91 


1401 


1399 


59-93 


39-41 


1675 


1678 


63-75 


41-25 


1781 


1791 


55-03 


37-33 


1540 


1549 


42.89 


32-06 


1202 


1221 


31-90 


2719 


897 


919 


20-09 


21-86 


569 


588 


9-02 


16-78 


262 


272 


— -55 


12-30 


4 


6 



Table 8. — Calibrations of Tait gauges Kos, 1 and 4. 



Small 
Bourdon . 


No. 1. 


No. 4. 


Factor 
No.l. 


*'actor 
No. 4. 


Atm. 

100 
200 
300 
300 
200 
100 



Cm-. 

— -56 

2-90 

6-59 

1035 

10-34 

6-68 

3-18 

•33 


Cm. 
12-36 
13-93 
15-58 
17-20 
17-26 
15-60 
14-05 
12-46 
• 


3-57 
3-73 
3-58 
3-51 


1-60 
1-66 
1-61 

1-57 


3-60 


1-61 
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20. Tait gauge. Volume increase measured and computed. — With tlie 
aid of the above results it will now be easy to compute the volume in- 
crease of the steel tube qq, PL i, 8, per atmosphere of internal pressure, 
and then compare the datum thus obtained with the result computed 

S 




Figs. 2, 2a. — Direct reading liclical Bourdon ganjje. 

by aid of Tait's formula.^ From the dimensions a^, a^^ X, p given in 
table 1, it follows that the increase of the external volume of the 
cylindrical steel tube is 47/10^ per unit of volume ofqq^ per centimeter of 
displacement of the thread in the capillary ss. This corresponds to a 
volume increase of 

17/ F = .00000080 ... (1) 

per unit of volume of the steel tube, per atmosphere. 

Tait shows that in case of internal pressure the changes per unit of 
length tangentially to a cross section of radius r and longitudinally for 
any part of the tube, are respectively 



P 
r 



Hal 



a\ — al 



a\ 



3k 



+ 



r* 2n 



and ^^= 



n^l 



al—al 



~3k 



Tait: Cballenger Pieports, Vol. 2, 1882, Appendix A, p. 20. 
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Hence the increase, y per unit of volume of the external surface of . 
the tube is 

«i+S=;7T2l i+^. I • • • • (2) 
"1 — % 

Here S is the displacement of the point whose i)osition is x ceuti-* 
meters from one end, and p the change of a point in a right section, 
originally distant r centimeters from the axis, // the internal pressure 
in atmospheres, and Jc and n the compressibility and the rigidity re- 
spectively, of the steel employed. I take Ic and n from Everett's tables,^ 
as follows : 

Jc = 1.84 X 10^2 II = 8.2 X 10^^ 

Inserting these quantities into the equation, there results 

^=.0()0()0073 .... (3) 

It appears at once that this result is of the same order as (1). The 
difference is probably due to the constants Jc and /i, which Prof. Everett 
doubtless found from a high-grade tool steel, whereas the above tubes, 
being made of low carbon steel, are nearer wrought iron in their prop- 
erties. Beyond this the absolute gauge atmosphere is not vouched 
for 5 nor (being the mean value between and 1000 atmospheres) are 
the coefficients at the end of table 1 quite free from thermal discrepancy. 

When the observations are made for the purpose of measurement, 
there appears no doubt that equation (2) may' actually be utilized to 
obtain serviceable values of {1/Jc+l/n), For instance, a^ may be ob- 
tained accurately by filling in vacuo with mercury and weighing, and 
then from the known specific gravity of the steel tube and its weight 
when empty, ai may be computed, p is similarly capable of accurate 
measurement. Therefore by combining (1) and (2), (l/Jc+l/n) is meas- 
urable with the same accuracy with which // is known. 

21. Direct reading. Bourdon gauge. — It is well to insert my endeav- 
ors to adapt the Bourdon gauge for high pressures and direct reading. 
In order to achieve this result it is necessary to multiply the number 
of coils as well as to work with flat tubes. In Figs. 2 and 2a, the 
latter being the plan, the former the elevation, 1 have drawn a form 
of apparatus, with which I obtained some results. It consists essen- 
tially of a helix, A B G D E F, the spires of which do not touch each 
other. The end is provided with a needle F 8, moving over a millimeter 
scale 8 8, supported by an arm T E 8. This gauge is screwed directly, 
into the barrel. Being entirely of iron and metal it is very firm. The 
spires are hammered flat by heating them to redness, the tube being 



* Eyerett: Units aud Physical Coustants. Loudon, Macmillan, 1879, p. 53. 
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origiiially 1*'™ in external diameter and 5«°> in bore. Aflber winding 
hot, the internal diameter of the helix was found to be somewhat larger 
than 4*=". There were Ave spires in all, and the upper one U F, with 
its needle, extended abont a decimeter beyond tho helix. 

The following Uttle table gives the results of a comparison with the 
Bourdon gauge : 

Tablb 9. — CompariHon of Bourdon (lange and the npirol gauge* 



Bonrdon. 


Spiral. 


Bourdon. 


Sl»iral. 

1 


Attn. 


Cm. 


Aim-. 


Cm. 





000 


«00 


1-28 


100 


•17 


700 


1-55 


200 


<\h 


800 


1-S7 


300 


•54 


900 


2-30 


400 


•76 


1000 


KxplodoH. 


500 


1-00 





1-16 



Constructing these results graphically in Fig. ;3, it will be seen that 
between and 300 atmosi)heres, the permanent set is not appreciable. 




,Ofh 



Cft\0 



X-Tn, 



100 200 aOO 4O0 500 600 700 600 



Fig. '6 Chart .showing the actiou of the helical Bounloii gauge. 

'When pressure was taken off, the fiducial zero reap])eared. Above 300 
atiDLOspheres, however, permanent set becomes very marked. The helix 
-was ruptured at 1,000 atmospheres, and the new zero after exjdosion in- 
dicates the large amount of permanent set during the course of the 
measurement. Connecting the final zero with the point for 900 atmos- 
pheres, a line is obtained nearly parallel to the line between and 300 
atmospheres. The mean motion of the index was therefore -0017*^'° 
per atmosphere. Since high i^ressure measurement was only contem- 
plated, the gauge would have been serviceable except for the occur- 
rence of permanent set. The chief cause of this insuperable difficulty 
is the fact that to flatten the gauge it must be heated to redness. By 
so doing the drawn hardness and resilience is destroyed, and the soft 
metal of the gauge then becomes useless for measurement. Owing to 
the rupture of the tube I did not experiment further, since the coiling 
and flattening is a tedious operation. Clearly the gauge might be 
used without flattening by suitably attaching a minor index. But this 
complicates the apparatus. 
22. Concluding remarJcs. — 1 will conclude this descrii)tion by a few 
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general remarks on the apparatus used. It is clear that instead of a 
single barrel, two t)arrels, the axis of one of which is the prolongation 
of the other, suggest themselves. The barrels would be used alter- 
nately, one being filled while the other is emptied. Again, instead of 
having th«3 serew enter the barrel, good results must also l>e obtainable 
by forcing a cylindrical shaft into the barrel; for the device shown at 
the end of the barrel C 0, PL I, proves that the gasket of marine 
glue is quite as serviceable for cylindrical shafts as for screws. In 
case of a cylinder, however, the strain enciountered in forcing in the 
shaft would be brought to bear on the bed plate, i. e., outside of the 
barrel. Specially strong devices would therefore have to be resorted 
to in bolting down the barrel, etc. TlKise would make the apparatus, 
supposing the horizontal form retained, much more cumbersome. In- 
deed I conceived it to be an advantage of Andrews's screw, inasmuch 
as the chief stresses exist within the compass of the barrel. The nec- 
essary provision against twisting is much more easily applied. Finally 
I may state that it was my original object to obviate stuffing boxes 
altogether, by using a tinned screw S T. The maximum of pressure 
thus obtainable far exceeds the limits of the above screw-compressor 
with stuffing boxes.  The tinned screw would have this disadvantage: 
it would have to be fieshly coated whenever it became necessary to re- 
fill the barrel with oil, thus occasicming some loss of time. It is a de- 
vice however, to be kept in mind, since it obviates the nex^essity of 
troublesome metallic gaskets, like those used in Mousson's well-known 
steel nut, for instance. 

23. Cieteris paribus, the labor necessary in producing the above pres- 
sures decreases nearly as the fourth power of the diameter of the screw; 
for friction and leverage both increase as the radius, and the resisting 
pressure as the square of the radius. Similar advantage is gained by 
increasing the number of threads to the inch. Hence, by supposing 
the initial pressures to be produced by a thick screw (diameter 1 inch, 
say) at one end of the barrel, and the final pressures (above 2,000 at- 
mospheres, when the inclosed liquids have become much more incom- 
pressible) produced by a thinner screw (diameter half an inch, say) 
at the other end of the barrel, the practical efficiency of the screw com- 
pressor would be increased. In such a case the piezometer tube must 
be vertical. (§ 12.) However, in limiting my i)resent work to 2,000 
atmospheres, I have by no means exhausted the power of the above 
machine. My purpose in doing so was to avoid straining the gauges* 
I add, in concluding, that among the facilities of the above screw com- 
pressor is the almost micrometrlc accuracy with which pressure can be 
raised to and maintained at a given value for any reasonable length of 

time. 

24. The fiM.'ility with which the Tait gauge may be replaced by Ama- 
gat's manometer, the absolute calibration of the Tait gauge, its availa- 
bility for the measurement of pressures indefinitely high, and allied 
subjects will be considered in chapter iii. 



OHAPTEE II. 

THE ISOMETRICS OF LIQUJDS. 

25. trtilizing the advantages of the screw compressor described in 
the foregoing chapter, I made the following investigation on the isomet- 
rics of liquid matter: The nature of the problem is clearly defined by 
the results of an earlier paper, ^ where it appears, conformably with the 
inferences of Dupr6, Levy, Eamsay and Young, and Fitzgerald, that 
liquid isometrics are lines of small curvature.^ It is thus the purpose 
of the present work to investigate the amount of deviation from a 
straight line as accurately as possible. 

The word '^ isometric" is used by J. Willard Gibbs^ in his researches 
on graphic methods in the thermodynamics of fluids. It has the advan- 
tage of priority if not of expressiveness, and I do not feel the need of 
withdrawing <4sometric" for "isochore," as do Eamsay and Young.* 

APPARATUS. 

26. Constant volume tube. — The criterion for constant volume is to be 
given by a reliable electric contact. The liquid whose isometrics are 
to be determined is inclosed in a tube of constant volume, of the form 






,^om. ^^jcm^^ ecnu .jcnv^ ♦v^./^ir 

Fig. 4. — Constant volume tube; longitudinal section. 

shown in Figs. 4 and 5. This tube consists of three parts, a reservoir ef 
and two capillary stems ed and da separated by an enlarged portion d. 
A platinum wire c, passing through the walls of the tube, enters the 
cavity d^ for the purpose of securing electric contact, as shown in Fig. 5. 
The dimensions of the tube are given in Fig. 4, and the choice made is 
such as to admit of its easy introduction into the steel piezometer 
tube uu^ chap, i, PI. i, Fig. 6. 

Fig. 5 (diagram) shows the tube ready for use. The end of the tube 
g is sealed, holding the platinum wire mm, which passes quite through 
the reservoir ef into the capillary stem. The substance having been 

»Bull. TJ. S. Geol. Survey, No. 92, 1892, chap, i, p. 54. 

* Am. Jour., 3d ser., vol. 89, 1890, pp. 497 et seq. 

•Glbbs: Trans. Connecticut Acad., vol. u (2), p. 311, 1873; cf. ibid., p. 382. 

«Ilamsay and Young: Phil. Mag. (5), vol. 23, p. 435, 1887. 
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jntroducei) into e/j completely fills tliia space and about one-lialf of the 
adjoiuiiig atcm. The remainder of the tabe is filled witli mercnry Aifc, 
care being taken to gnard against inclusions of air. 

The tube thus adjusted is inserted into the piezo- 
meter, and the terminal o put in metallic connectiou 
with the walls of the steel tube, near V, PL i. The 
terminal ml is insulated by a glass tube,' and after pass- 
ing through the piezometer into the barrel, is there 
' put in metallic connection with one of the vertical 
screws M, It will be remembered the ban-el and pie- 
zometer are not in electric contact. A serviceable way 
of connecting the terminal with the barrel is shown in 
Fig, 6, where BB is part of the wall of the barrel, S 
is a perforated screw, slotted on its upper face, so 
that it can be inserted or removed easily. The end 
of the terminal lo is passed through the hole in 8, and 
then coiled helically, as shown in the figure. The 
tinned screw ilf is now inserted so as to hind the helix 
between its lower face and 8. This insures electric 
contact. A similar device is utilized at V, PI. i. Fig, 6, 
and the glass tube is thus held in horizontal position 
within the steel piezometer tube, hy aid of its two 
tense terminals. 

Befbre introducing the constant volume tube, both 
piezometer and barrel must be quite filled with oil, and 
the screws M and V, PI. i, are to be so fastened that 
air may be as far as possible excluded. 

27, Manipulation. — Supposing the constant volume 
tube in place, sunouuded with oil, the screw 88 
(VI. I) is forced in. The pressure thus brought to 
bear uniformly on all parts of the tube, moves the 
thread of mercury inward by an amount correspond- 
ing to the compression of ef. Eventually, therefore, 
the meniscus near A: and the sharp end of the plati- 
num terminal near im come into electric contact. Now, 
as barrel and piezometer are in a sim^^le circuit, includ- 
ing a suitable galvanoscope and a battery, adefiection 
in the galvanoscope occurs at the moment of contact.* 
This method of registration is very sharp and thor- 
oughly reliable. Pressure is applied by means of a 
screw, and can be diminished or intensified with great 
nicety. Hence the position of the meniscus k can be 
controlled with almost micrometric precision, even 
when the pressures are as high as 2,000 atmospheres. 
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"^Vea'OttfeTtiacTsmeift in satisfactory at^iist/ueut contactcan be mado 
and "broken at Xm -witliout apparent vavi&tum of pressare, the diVer- 
eiice being in fractions of an atmosphere. Tlic delicacy, liowever, de- 
pends on tlie relative caliber of capillary tube and reservoir tube. • 

To avoid breakage of the thread fc on being fore«d thniugh m, the 
free end must be made as flue as practicable {•01"'" in diameter, say). 
Hence it is advisable toweld a fine wire to the relatively thick terminal 
m (diameter O-S™). 

28. In passint; from one constant temperature to another, care mnst 
be taken to avoid the mercury thread from being forced either out of 
the tube or into the reservoir. This may be done by keeping the me- 
niscus ft always very neai'ly in contact with j». Hence, when a vapor 
bath is atta^^Ued and the burner started, pressure is increased in such 
a way as to keep the contact juat made. On the other hand, when tem- 
perature decreases, pressure is relieved in auch a way as just to keep 
the contact broken. 

29. Wben the series of isometrics are to be 
mapped out, the volume of liquid between 
the meniscus fc and the sharp end of )» is 
suitably changed. This volume may be con- 
ceived as either positive or negative. In the 
latter case the wire m penetrates tlie thread 
t. The advantage of such an arrangement 
is shown below, 

30. Method of filling. — When the substance 
to be comx>ressed (ef, Fig, 5) is liquid at ordi- 
nary temperatures, like other or water, the 
tube may easily be filled without an air i)ump, 
by making use of tilaineutary glass tubes with 
enlarged funnel-shaped heads. The filamen- 
tary end is introduced at a and pushed down to the bottom g, suppos- 
ing the tube itj; to be vertical and a ui»permo8t. The liquid is allowed to 
run throughthe funnel, the top of which is kei)t filled until tlie reservoir 
e/'ahd a4Joining capillaries eda are qoite filled. The operation is not 
stopped liowever until three or four timers as mucli liiiuid has run thi'ough 
e/as is necessary to fill it. 

The tube is now tipped neaily horizontal and mercury passed into 
the bulb d by aid of similar ftmnel capillaries. The thread is then 
pushcl forward from d into dc by aid of an empty glasM filament, by 
successively draining off small parts of the liquid in de, until the 
meniscus k has the desired proximity to m. 

81, The greatest care must be taken to have all parts of the tobe per- 
fectly clean, to use pure, fresh mercury, and to avoid rubber connections 
or other material impreyitated with sulphur. I find it desirable to 
draw off the mercury iu abd by aid of a fine tube and a jet suction pump, 
and thus to thoroughly dry out this part of the stom. Fresh mercury 
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is then poured in through the glass filament until the tube is again 
full. 

When the mercury appears dead or fails to move as an unbroken 
column the tube is worthless. The cause of this by no means infrequent 
annoyance is usually found in the presenceof sulphurous dirt in the tubes 
or of sulphide in the sample liquid. It is advisable therefore to use 
fresh tubes only. 

32. When the substance is solid like thymol or diphenylamine, it 
must be introduced by aid of an air pump. For this purpose a wide 
glasfj tube about 20*^"^ long is fused to the end a, Fig. 5. Into this the 
solid substance is put, after which the open end of the wide tube is 
drawn out to a filament and connected with the air pump. After the 
exhaustion of the system the solid is fused with a burner and allowed to 
run down into ef. The operation must be repeated many tinjes and use 
made of vacuum ebullition to expel the last traces of air. The thread 
of mercury is introduced in the way already stated (§ 30), except in so 
far as it is essential to keep the tube in a warm bath to prevent solidi- 
fication. When in adjustment it is inserted into a hot piezometer tube. 
These operations call for much skill on the part of the operator. If 
solidification occurs the mercury thread is drawn down into the bulb in 
consequence of the large volume contraction, and the charge is therefore 
lost. 

33. Ya'j^or baths, — In order that the isometrics may be sharply traced, 
temperature must be regulated to a nicety. This is not i?asy, seeing 
that the metallic piezometer tube is a good conductor. Hence the forms 
of vapor baths used in my earlier similar works^ are not applicable 
here. It is essential that vapor be directly in contact with the surface 
of the piezometer tube and that the reservoir of the constant volume 
tube be at a distance of 3 or more centimeters from the end walls of 
the bath. 

Substances useful for vapor baths are methyl alcohol, 60°; water, 
lOOOj amyl alcohol, 1300^ turpentine, IGO^; naphthalene, 215^; benzoic, 
acid, 250O; diphenylamine, 310°; phenanthren, 350°, and others 
These form a convenient series. They admit of being boiled in a brazed 
copper vessel and decompose very slowly. The fiducial or initial temper, 
ature is obtained by allowing a current of water from the hydrant to 
circulate around the piezometer tube. 

At temperatures above 20()o, the form fjff shown in PI. i, 6, is serv- 
iceable. The tubulures hli through which the piezometer passes may 
be closed with perforated cork stoppers,^ At higher temperatures hh are 
screw stuffing boxes, securing asbestos jackets. The vapors issuing 
from yy, the ebullition liquid (usually solid at ordinary temperature), are 
condensed in a lateral tube (not shown) and run back into the drum j55^. 
The thermocouple is inserted through g. 



1 Bull. XJ. S. Geol. Sury. No. 92, p. 22 ; Am. Journal Sci. (3), vol. 39, p. 482, 1890. 
•Eubber stoppers melt and are otherwise very objectionable above 200°. 
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34. At t8Tnp3ratiire bslow 200'^, this form of vapor bath is not con- 
venient, since the substance yy is usually liquid and too easily spilt. 
Moreover the degree of constant temperature obtainable in the drum 
ffffi^ probably insufficient. I therefore employed the circulating sys- 
tem shown in Fig. 7. Vapor is introduced into the ^vwmfff from the 
boiler J. and the inflax pipe B. It is condensed in the tube G C carry- 
ing the cold water jacket D Z>. The condensed liquid falls into the 
fannel Uy which is cylindrical and thus subserves the purpose of a water 
gauge. The piezometer tube is shown at U u u J7with the constant 
volume tube adeg in place. G and G are cold-water jackets surrounding 
UU to prevent the spread of higli temperatures along the tube, A 



7J , ^ /ff^T/^TPct ,' / ,'^/ -Z 



•n. Cii^niwi^ 







a 



V 



Fia. 7.— Yai>or bath and piezometer tube; longitudinal section. 

single current of water (issuing from the gauge jacket, PI. i, 8, above) 
passes through G^ D, and G. This current is shunted, so that G I) G 
can be cut out at pleasure and the vapor bath removed or replaced by 
a circulating water bath. It is to be noted that the parts of the vapor 
bath are rigidly connected, so that it can be rapidly withdrawn as a 
whole, jff is a suitable electric clamp, corresponding to the other termi- 
nal JT. All parts of the vapor bath are heavily jacketed with asbestos. 

It is necessary that the vapor baths slide off and on easily. Any 
violent jarring of the piezometer tube will break the thread in the glass 
tube within. 

35. Method of eooling piezometer. — ^To cool the tube ?7?7 after the vapor 
bath has been removed, it is convenient to oil the piezometer with vase- 
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line. The jacket G may then be slid to and fro very rapidly at first, 
care being taken to relieve the pressure in proportion as the tube cools. 

36. Method of temperature measiirement. — For the measurement of 
temperature I used a platinum platinum-iridium thermocouple, the 
electromotive force of which was exi)ressed in terms of the torsion of 
the platinum fiber which suspended the given astatic system. The tor- 
sion galvanometer serviceable for thermo-electric work I have already 
described elsewhere.^ To calibrate this apparatus the boiling points of 
water and of mercury were first used. Finally I made elaborate com- 
parisons with the reentrant glass air thermometer. §§ 48-50. 

37. Method of pressure measurement,— -Vressiire was measured in terms 
of the expan sion of a given cold-drawn steel tube, as detailed in ch apter i. 

It is needless to say that the factor of the gauge was frequently 
checked during the course of the work. A small sensitive 300-atmo8- 
phere Bourdon gauge with a tinned screw connection is very convenient 
for this purpose. About twenty or thirty minutes were allowed to se- 
cure isothermal conditions both for the gauge and the piezometer tube. 
Leaks of the apparatus must be so far as possible avoided, inasmuch 
as continued pumping (changes the thermal state of the liquids operated 
on and is therefore a fertile source of error. 

PRELIMINAUY RESULTS. 

37. Data for ether, — The data of Tables 10 and 11 were obtained in 
the earlier experiments. Although neither the gauge nor the thermo- 
couple was remarkably sensitive, these results bear directly on the 
matter below and must therefore be inserted. P and ^ are correspond- 
ing values of pressure and temperature, such that the volume of ether 
remains constant. Two or three observations were made for each datum, 
allowing five minutes' time i)er observation. This is essential where 
isothermal conditions are to be guaranteed. So far as these observa- 
tions go, the corrections for volume changes of glass are negligible. 
During the first five series, extending over an interval between March 
14 and 19 the constancy of the fiducial pressure (at about 10^) is to be 
noted. In the remaining series it was not always possible to regain 
the fiducial pressure, owing to accidents. 

Table 10. — Isometrics of ether. Preliminary results. 





• II 




r. 


0. 1 


! r. 


e. 


A tin. 


°(7. 


A tm-. 


oO. 


293 


11-6 


887 


66 


305 


11-6 


1237 


100 


888 


66 


1242 


100 


888 


66 


1247 


100 


1227 


100 


284 


UO 


1231 


100 


288 


11-2 


300 


11-6 






301 


11-6 


287 


10-0 


885 


66 


287 


10-0 



> Barus: Phil. Mag. (5), vol. 29, p. 146, 1890. 
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Table 10. — Isomeirica of ether. Preliminary results — Continued. 



P. 


e. 


P. 


e. 


Aim. 


°a 


. Atm. 


276 


9-4 


101 


9-8 


289 


9-9 


647 


66 






645 


#67 


277 


9-8 


972 


103 


1502 


127 


966 


103 


1510 


128 


1080 


U9 


1482 


123 


ioe:i 


121 


1480 


128 


51 


100 


279 


9-7 


1443 


155 






1436 


158 


278 


10-8 


91 


10« 


875 

868 

874 

• 286 


64 
66 
65 
9-7 


80 
608 
611 
613 


10-3 
66 
66 
66 






614 


66 


14 


9-8 


614 


65 


545 


67 


925 


99 


545 


67 


924 


101 


859 


102 


921 


101 


857 


102 


920 


101 






919 


100 


65 


10-6 


84 


10-3 


595 


64 


1112 


119 


602 


64 


1112 


120 


597 


63 


1380 


153 






1421 


156 


71 


10-8 


1451 


161 


912 


101 


1446 


162 


914 


100 






76 


10-8 


• 94 


11-2 






627 


66-5 


156 


10-8 


630 


66-4 


1087 


114 


926 


98-8 


1094 


115 


924 


98-5 



Table 11. — Digest of these data. 



Ap 


e 


A9 





589 
937 


1210 


590 


531 
844 


530 
840 


934 


11-5 
66 
100 

9-8 
127 

10-2 
65 

9-8 
67 
102 

10-7 
64 
100 

10-8 
114 



55 
89 


117 


56 


56 
90 


55 
89 


103 


(1) 

* 

(2) 



^p 


e 


Ad 







9-9 





' 


570 


66 


56 




893 


103 


90 


[ (3) 


996 


120 


110 




1369 


156 


146 


J 





10-3 





>l 


530 


66 


56 




840 


100 


90 




1030 


120 


110 




1342 


158 


148 


\ (4) 





11-2 







534 


66 


55 




831 


99 


89 


J 



38- Discmsion. — In the digest, Table 11, the coordinates have been 
sbifted, so that the fiducial j^ressure and temi)erature are now zero. 
The graphic representation, Fig. 8, shows a distribution of points lying 
very closely along straight lines. So far as these data go, therefore, 
the linear character of the isometrics is maintained. The rates per at- 
mosphere are respectively -0950, -lOT^, -lOGo, '101^. 
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DEFINITE RESULTS. 



89. Aj^paratus improved. — ^With the above data in hand I endeav- 
ored to carry the discrimination one step further by increasitig the 
sensitiveness of both the pressure, gauge and the theruiocouple. 




FlQ. B. — Taomctrios of ctlior; preliniinaiy rosulis. 



Using the same steel tube for the registration of pressures by Hooke's 
law, as before, the gauge was made much more delicate by decreasing 
the caliber of the capillary measuring tube («», PI. i, 6), and by 
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making use of a more close-fitting glass jacket tt than before. The re- 
sults have already been shown (§§ 15 to 19), Apart from errors due to 
viscosity and thermal effects, the gauge was suHicieutly sensitive to 
register fractions of an atmoajphere at 2,000 atmospheres. 

Particular care was taken to redetermine the initial pressure corre- 
sponding to the initial or fidacial temperature (about 15^), before and 
afber each high temperature observation. This is a certain check on 
the validity of the results obtained. 

Again the temperature measurement was made more delicate by in- 
serting a finer platinum fiber in the torsion galvanometer. Statistics 
will be given below. 

At least ten minutes were allowed for each datum of pressure and 
temperature given. In proportion as the second of any two measure- 
ments made at a given temperature coincides with the first, the infer- 
ence is warranted that the thermal effects of compression are fully dis- 
sipated. The observation at any temperature therefore lasted twenty 
or thirty minutes. 

40. Notation. — The notation is as follows : 

JV'^, deflection in degrees of arc observed at the torsion galvanometer; 

tj temperature of the cold junction of thermocouple; 

n^, correction by which IP^ is reduced to -^^, the deflection which 

would be observed at the torsion galvanometer ift= 20°; 

9y temperature of the vapor bath surrounding the piezometer tube. 
6 is computed from jY^, 9 is therefore the temperature of the reservoir 

of the constant volume tube. 

H' , reading in centimeters observed at the capillary tube of the pres- 
sure gauge. 

jP, pressure corresponding to N in atmospheres. Hence^ is the pres- 
sure bearing on the substance in the constant volume tube; 

•Jp, ASj pressure and temperature obtained by shifting the coordi- 
nates, so that the initial pressure and temperature may be zero. 

41. Data for ether. — ^Table 12 contains fifteen series of observations 
made with ether. Series in which the constant volume tube and con- 
tents were changed are separated by heavy lines. It is necessary to 
consider these data somewhat in detail. Bach series CDntaius at least 
one observation at the boiling point of water. Since the barometer 
was also noted, the data for the final reduction of the values 8 are at 
hand — cf. §§ 48 et seq. 

The first eight series need but little comment. In the first the gauge 
reading for ^ = was — 1.00°™; in the second, third, fourth, fifth it was 
— 2.00««>; in the sixth, —3.50°™; in the eighth, 1.70°™. Inasmuch as 
the relation between p and v is nearly linear, the gauge reading for 
jp = is of secondary importance. Owing to accidents the fiducial read- 
ing was lost at the end of the sixth and eighth series. 

4S. Comparing the first ei^jflit series with the rcMnaining seven, it is 
seen that the fiducial pressure is very much more constant in the 
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former tlian in the latter; for the reading at the initial temperature 
in the one case does not vary more than 5 or 10 atmospheres; whereas 
in the other the variation is as large as 100 atmospheres. The cause 
of this discrepancy is a strain permanently imparted to the gauge at 
the end of the eighth series, where it was necessary to work the machine 
with great violence and much above the pressure given, to counteract 
an accidental leak. Hence in constructing Jp for these series (9 to 
li)) I deduct the liducial pressure preceding and following any pair of 
liigh temperature data from the first and last of these data respectively. 
In this way the viscous error of the gauge is eliminated. Of the two 
values of ^p thus obtained at each temperature, the latter is the more 
nearly correct, since it has been coordinated with the fiducial pressure 
immediately following it. As the work proceeds, that is, in the thir- 
teenth, fourteenth, and fifteenth series, the fiducial pressure is again 
more nearly constant, showing a gradual increase of the viscosity of 
the gauge. 

43. In the ninth and tenth series, 2> = is at — .70'"; in the eleventh, 
at — .30""; in the thirteenth, fourteenth, and fifteenth, at .50*". The 
last three series (13-15) were obtained with the same tube, and the 
work, done continuously, was throughout very satisfactory. Moreover 
the change of fiducial pressure still marked in series thirteen becomes 
of less prominence in the last two series. These therefore were se- 
lected for the digest below. 

44. Method of purifying. — The ether employed was thoroughly dried 
with sodium, and then distilled in a small flask at a temperature only 
slightly above the boiling point. All parts of the condenser tube and 
flask were fused together, and rubber connections were scrupulously 
avoided. The distillation was frequently repeated, and the ether then 
at once used for filling the constant volume tube. I can not guarantee, 
however, that the ether after being introduced in the tube was quite 
free from water; for during the necessary manipulations some absorp- 
tion of water out of the air was unavoidable. 

45. Observations for ether. — The data for ether are as follows: 

Table 12. — Isomelrics of ether. Ohftervations. 



N'^. 


t. 


n^. 


Cm. 

— •54 
4-16-67 
+16-86 

— -70 
4-27-20 
-+27-29 

— -50 


0. 

oC. 
151 
67-5 
67-6 
15-5 
99-5 
99-6 
15-5 


p. 


N^. 


Ap. 


1 




I. 

4-115 

4-132 


°C. 


Cm. 


Atm. 

10 
512 
517 

36 
800 
803 

41 


00. 


Atm. 


474 
479 


762 
765 




•0 
52-2 
52-3 

•0 
84-0 
84-1 

•0 


22-2 
22-3 


•192 
•200 


4-307 
4332 


7-191 
7-;i09 


22-3 
22-3 


•200 
•200 


7-391 
7-409 










II. 

13-115 

13176 






•23 
-f 45-89 
-i-4012 

- -10 
+28-01 
+28-00 
+ 17-59 
+17-61 

— -69 


15-4 
157-9 
158-8 
15-5 
99-2 
98-8 
67-2 
67-3 
15-0 


48 

1,312 

1,318 

52 

822 

822 

537 

537 

36 






1,272 

1,278 



778 

778 

493 

498 




•0 

142-4 

143-3 

•0 

83-9 

83-5 

51-9 

52-0 

•0 


23-1 
23-7 


•270 
•321 


13-385 
13-497 


6-946 
6-890 
3-849 
3-849 


24-8 
25-0 
25-0 
25-0 


-418 
•438 
•438 
•438 




7^364 
7-328 
4-287 
4-287 
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Table 12. — laomeirics of ether. Observations — Continued. 



^\ 


t. 


n^. 


^e- 


«. 


P 


p. 


A6. 


Ap. 


III. 

7-132 
7-100 


1 


15-9 
99-5 
99-0 
159 


1.55 
28-95 
2903 

1-20 

r-18 

53-56 

53-65 

-90 


44 
793 

795 
33 


•0 
83-6 
83-1 

•0 



162-5 

163-0 

•0 



755 
757 




1,439 
1,442 





1,472 

1,468 

1,460 



767 

768 




22-9 
23-0 


+-254 
•262 


7-386 
7-362 


IV. 

15-337 
15-390 


- 


1 


■—-  - 


16-2 
178-7 
179-2 

10-2 

~ Ifry 

185-7 

180-4 

187-3 

15-8 

99-8 

99-5 

15-9 

"16-0" 
98^2 
98^2 


32 
1,467 
1,470 

25 

" T4" 

1, 521 

1,517 

1,509 

54 

821 

821 

53 


23-8 
23-8 


•333 
•333 


15-C70 
15-723 


~ V~ " 
16-403 
16-465 
16-536 


-■ ... 


:- .--_=^^:~ 




— -40 
53-51 
53^38 
53-06 

•04 
27-97 
27-97 

— -08 


•0 

109-8 

170^5 

171-4 

•0 

83^9 

83-6 

.0 

•0 
822 
82^2 

-0 
81-6 
81.4 
51-0 
51-3 

•0 


20-8 
20-9 

ai-1 


•068 
•076 
-095 


16-471 
16-541 
16-631 


7-297 
7-282 


21-3 
21-3 


•112 
•112 


7-409 
7-394 


" Vl. 
7-294 
7-294 

VII. 

7-l'83 
7-068 
4-065 
4-074 


- — 







' 'W 
28-59 
28^62 


96 
879 
880 



783 
784 


20-7 
20-7 


•059 
•069 


7-353 
7-353 






" 


16-0 
97-7 
97-5 
67-1 
67-4 
16-2 

16-4 

98-1 

98-0 

219-5 

219-6 

16-5 
66-9 
670 
97-4 
97-5 
16-7 


- 1-20 
26-88 
2701 
16-81 
16-87 

— -97 


'63 
832 
835 
556 
558 
. 69 



767 
770 
491 
493 




22-5 
22-6 
22-6 
22-6 


•218 
-226 
•226 
•226 


7^301 
7294 
4-291 
4-300 







., . ..._.. 


, 


VIII. 

7-144 

7- J 18 

20-050 

20 044 

IX. 

3-893 
3-928 
6-890 
6-9U 








+ ^98 
29-51 
29-55 
65-31 
65-20 

+ 4-94 
23-51 
23-73 
34-91 
35-01 

+ 6-38 


73 

854 

856 

1,836 

1,833 

154 
663 
669 
976 
978 
?194 


•0 

81-7 

81-6 

20301 

203-2 




781 

783 

1,763 

1,760 


22-2 
22-4 
22-8 
22-9 


•192 
•209 
•243 
•251 


7-336 

7327 

20^293 

20295 






■"■ 



50-3 
50-4 
80-8 
809 
•0 



509 
515 
822 
824 


23-9 
23-9 
24-2 
24-3 


•342 
•342 
•367 
-375 


4235 
4-268 
7-257 
7-286 












.V'g. 


t 


«g. 


^0' 


9. 


1-18 

2s-:w 

28-41 
1-48 


A9. 


P- 


A/>. ! 


X. 

7-303 
7-309 






lfi« 
99- 5 
99-8 
16-5 

16-6 
08-0 
68-0 
99-2 
990 
16-6 



83-0 
83-3 



b" 

51-4 
51-4 
82-6 
82-4 



32 
776 
778 

40 

44 
518 
520 
798 
800 

62 

77 

551 

552 

827 

831 

98 

1387 

1388 

180 

1555 

1554 

189 

44 

489 

490 

756 

757 

56 

1247 

1247 

70 

1715 

1715 

104 





210 
21-2 


-087 
•104 


7-390 
7413 


740 . 

742 ! 

' 





.. 


. . 






XI. 
4-206 
4-177 
7-191 
7-180 








1-60 
18^91 
18-96 
29-14 
29-20 

2-28 

2-82 
20-10 
20-15 
30-19 
30-34 

3-58 
50-61 
50-64 

6-59 
56-74 
56-71 

6-87 



465 
467 
745 

747 



22-0 
22-2 
22-2 
22-2 


-175 
•192 
•192 
-192 




4-381 
4-369 

7-38:j 

7-372 


XII. ~ 
4-133 
4-136 
7071 
7-080 




 - 




16-6 

67-9 

680 

98-5 

98-8 

16-6 

156-3 

157-6 

16-7 

182-0 

182-0 

16-7 




51-3 

51-4 

81-9 

82-2 



139-7 

140-9 



165-3 

165-3 






463 

464 

739 

743 



1289 

1208 



1370 

1369 




22-4 
22-5 
22-7 
22*8 


•209 
•219 
■224 
•243 


4-342 
4-355 
7-295 
7-323 


12-961 
13-077 


23-1 
23-2 


•270 
•279 


13-231 
13-356 


15-722 
15-725 


23-3 
23-4 


•287 
•296 

.......L.. 


16-009 
16-021 


Xltf. 
4-033 
4-i>33 
C-896 
0-899 







- —  


17-6 

67-5 

67-6 

97-5 

97-5 

17-7 

156-2 

156-0 

17-8 

216-5 

21G-({ 

17-9 


1-61 
17-86 
17-88 
27-59 
27-61 

2-05 
45-52 
45-52 

2-78 
62-60 
62-59 

3-Sl 


.. _ 

49-9 

50-0 

79-8 

79-8 



1385 

138 2 



198-7 

198-7 






439 

440 

706 

707 



1191 

1171 



1639 

1611 

u 


23-2 
23-3 
23-5 
23-6 


•279 
•287 
•306 
•313 


4-312 
4-320 
7-202 
7-209 


12 834 
12-822 


24-2 
24-2 


-367 
•367 


13-201 
13-189 


19-540 
19-540 


24-8 
24-9 


-418 
•426 


19-958 - 
19-900 










.1 
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Table 12. — Isometrics of ether, 01>8ervation8 — Continned. 



n- 


t. 


"d- 


^6- 


9. 


*P- 


P- 


Ad. 


Ap. 


XIV. 

7147 
7-132 








17-8 

98-2 

98-0 

18-0 

218-8 

218-8 

18-1 

67-8 

68-0 

il81) 

157-8 

157-9 

17-9 


3-80 
29-79 
29-86 

4^29 
64-30 
64-30 

5-19 
2114 
21-14 
(5-20) 
49-04 
49-06 

5-39 


104 

816 

819 

118 

1761 

1761 

142 

679 

579 

(142) 

1344 

1344 

148 




80-4 

80-0 



200^8 

200-7 



.49-7 

49-9 



139-7 

1400 






712 

701 



1643 

1619 



437 

437 



1202 

1196 




21-2 
21-3 


•104 
•112 


7-251 
7-244 


20-080 
20-071 


21-7 
21-8 


•146 
•155 


20-226 
20-226 


4-144 
4147 


22-2 
22-3 


•192 
•200 


4-336 
4-347 


13-177 
13194 


22-3 
22-3 


•200 
•200 


13-377 
13-394 










XV. 

20-371 
20-353 








17-4 

220-2 

2200 

. 17-4 

99-1 

98-8 

17-4 

69-1 

69-4 

17-4 

158-0 

158-3 

17-4 


4-18 
64^17 
6416 

4-23 
80-83 
30-84 

4-45 
21-37 
21-35 

4^43 
48^93 
48-98 

4-86 


114 

1758 

1758 

116 

845 

845 

122 

586 

585 

121 

1341 

1342 

133 




202-8 

202-6 



81-7 

81-4 



51«7 

620 



140-6 

140-9 






1644 

1642 



729 

723 



464 

464 



1220 

1209 




20-0 
200 






20-371 
20-353 


7-312 
7-265 


20-8 
20-8 


•068 
•068 


7-380 
7-333 


4-397 
4-415 


21-0 
210 


•087 
•087 


4-484 
4-502 


13-306 
13-380 


21-2 
21-3 


•104 
-112 


13-410 
13-442 











46. Observations for alcohol, — ^Table 13 contains data for alcohol cor- 
responding to those already given for ether. The two series, obtained 
with the same tube on successive days, are satisfactory througliouL 
The arrangement of data has been already explained. 

The alcohol used was kindly furnished me by Dr. Stokes. I redis- 
tilled it over lime in small quantities immediately before filling the 
constant volume tube. Nevertheless some absorption of moisture from 
the air during the manipulations was not avoidable. 

Table Id.-^Isometrica of alcohol, Obeervationa, 



n- 


t. 


n^. 


^0- 


e. 

17-2 
69-5 
69-7 
17-2 
98-9 
99-0 
17-2 
1590 
159-0 
17-2 
17-0 
99-2 
99-1 
16-8 
159-7 
159-7 
16-9 
16-9 
67-4 
670 
17-0 
OS- 9 
98-5 
17-0 


^P- 


p. 


A0, 


Ap. 










4-92 
25-46 
25-46 

6-14 
37-67 
37-68 

6-27 
63-04 
63-04 

6-53 

4-92 
37-72 
3770 

612 
63-20 
6315 

5-39 

5-39 
2514 
2516 

5-69 
38-36 
38-36 

611 


135 

697 

697 

141 

1032 

1032 

144 

1727 

1727 

152 

136 

1034 

1033 

140 

1732 

1730 

148 

148 

689 

689 

156 

1051 

1051 

167 



523 
525 


81^7 
81-8 


141^8 
1418 




82-2 
82*3 


1429 
142-8 




50-5 
60-0 


81-9 
81-5 







4-485 
4-491 


20-3 
20-3 


•025 
•025 


4-51D 
4-516 


502 

556 




7-285 
7-282 


20-7 
20-8 


•059 
-068 


7-344 
7-350 


891 . 

888 . 
, 


13-427 
13-424 


21-6 
21-0 


•087 
•087 


13-514 
13-511 


1583 

1575 





899 

893 i 

; 
1592 
1582 




541 
533 


895 
884 












7-377 
7-356 


19-9 
200 


— -008 
zfc-000 


7-370 
7-356 


13-547 
13-541 


20-4 
20-5 


•034 
•042 


13-581 
13-583 










4-100 
4090 


22-2 
22-2 


-192 
-192 


4-292 
4-282 


7-100 
7-077 


22-4 
22-4 


•209 
•209 


7-:n5 

7-280 






-••*>>>*•• 


1 
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47. Observations for thymol, para-toluidine, and diphenylawine. — 
Tables 14, lo, 16 coutain results for thymol, para-toluidine, and diplieiiyl- 
ainine, arranged on the same plan as Tables 12 and 13. Thymol is 
particularly convenient since, after firing, it admits of undercooling 
much below its melting point. Observations can thus be made even 
at 170. In case of 'the other two substances this is possible to a less 
extent, and it is necessary to insert the constant volume tube into a 
hot piezometer. A large bath of heated water must be at hand to 
prevent freezing during the manipulations. (§ 32.) 

Table 14. — Isometrics of thipnol. Ohscr rations. 



^B- 


U 


*»fl- 


Ng. 


B, 


4227 


20-7 


•059 


4-280 


67-1 


4-253 


208 


•008 


4-321 


67 5 


7-25fl 


20.8 


•068 


7-327 


98-8 


7-235 


20-9 


•076 


7-311 


98-6 


4-282 


210 


•087 


4-309 


681 


4-324 


210 


•087 


4-411 


68-5 
17-2 


7-230 


211 


•095 


7325 


98-9 


7-221 


21-2 


-104 


7 325 


98-9 










17-2 


9-652 


21-7 


•146 


9-798 


123-5 


9-6i6 


21-7 


-146 


9-792 

1 


123-4 
17-2 


* " 






17-0 


4-3(»6 


20-5 


•042 


4-348 


68-0 


4-300 


20-4 


•034 


4-334 


67-8 










16-9 


7-288 


20-4 


•034 


7^322 


98-9 


7-315 


20-4 


•034 


7-349 


990 
16-8 


9-875 


20-4 


•034 


9-909 


124-5 


9-958 


20-3 


-025 


9-983 


125-3 
16-8 


■"" * • 1 







p 



32-65 
32-69 
4911 
4916 
3302 
3307 

6-97 
49-62 
49-69 

7-35 
62-40 
62-35 

7-77 

7-78 
34.08 
34-11 

7-51 
50-07 
5006 

7-34 
62-49 
62-58 

7-63 



805 

890 

1346 

1347 

905 

906 

191 

1360 

1361 

201 

1709 

.1708 

213 

213 

934 

935 

206 

1372 

1372 

201 

1713 

1715 

209 



Ad. 



49-9 
50-3 
81-6 
81-4 
50-9 
51-3 


81-7 
81-7 


106-3 
106-2 




51-0 
50-9 


82-0 
82-2 


107-7 
108-5 





^p. 



704 

705 

1155 

1156 

714 

715 



1169 

1160 



1508 

1495 



05 

721 

729 



1160 

1171 



1512 

1506 





Table 15. — Isometrics of para-toluidinc. Ohservatioiis, 



N'^. 


t. 


•131 


Nq. 


67-8 


^P- 


P- 


Ae. 


A7>. 


4206 


21-5 


4-337 


15-34 


420 








4-182 


21-6 


•138 


4-320 


67-5 


15-32 


420 








7-147 


218 


•155 


7-302 


98-5 


31-84 


872 


31-0 


452 


7132 


21*8 


•158 


7-290 


98-4 


31-79 


871 


30-4 


441 


4162 


22-3 


•200 


4362 


68-0 


15 09 


430 








4153 


22-3 


-200 


4*353 


67-9 


15-66 


429 








9^578 


22-5 


•218 


9-796 


123-5 


45-20 


1238 


55-6 


809 


9-672 


226 


•226 


9-798 


123-5 


45-24 


1239 


56-0 


799 


4-071 


22-8 


•245 


4-316 


67-5 


1606 


440 








4-100 


22-8 


•245 


4-345 


67-9 


16-04 


439 








13-000 


23-1 


•270 


13-270 


15G-7 


57-51 


1576 


88-8 


1137 


13-006 


23-2 


•279 


13-285 


157-0 


57-50 


1575 


89- 1 


1124 


4035 


235 


•306 


4-341 


67-9 


10-45 


451 








4-027 


236 


•313 


4-340 


67-9 


16-46 


451 
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Table 16. — Isometrics of diphenylamine. Observations, . 



X'^. 


t. 


n^. 


^r 


0. 


""p- 


P- 


a6. 


Ap. 


4-035 


23-1 


•270 


4^305 


67-5 


18-01 


493 








4.027 


23-1 


-270 


4-297 


67-5 


18-02 


494 








6-975 


23-4 


•298 


7-273 


98-2 


36-26 


993 


30-7 


499 


6-969 


23-4 


•298 


7-267 


98-2 


36-30 


995 


301 


*% 


4-051 


23-8 


-330 


4-381 


68-1 


18-53 


508 





4-059 


23-8 


•330 


4-389 


68-3 


18-54 


508 








9-525 


24-0 


•350 


9-875 


124-1 


51-95 


1423 


55-8 


915 


9-.587 


240 


•3.'>0 


0-937 


124-9 


52-29 


1433 


571 


900 


3-975 


24-2 


•367 


4-:{42 


67-8 


19-46 


533 








3-'J81 


24-2 


•367 


4.348 


680 


19-36 


530 









Aiiother zero. 



13-200 


24-2 


•367 


13-567 


159-6 


65-15 


1785 


92-0 


1346 


13171 


24-3 


•375 


13-546 


159-5 


65-12 


1784 


91.9 


1345 


3-949 


24^4 


•384 


4333 


67-6 


16-02 


439 








3-955 


34-4 


•384 


4-339 


67-8 


15-93 


437 








6-802 


24-4 


•384 


7-1H6 


97-3 


3:i-49 


918 


29-5 


481 


6-834 


24-4 


•384 


7-218 


97-8 


33-48 


917 


297 


479 


3-985 


24-4 


•384 


4-369 


68-1 


15-98 


438 








4-012 


24-4 


•384 


4-396 


68-4 


15-98 


438 








9-470 


2t-4 


•384 


9-854 


1240 


49-34 


1352 


55-6 


914 


9-534 


24-4 


•384 


9-918 


124-8 


4939 


1353 


56-2 


904 


4-035 


24-4 


•:«4 


4-419 


68.-) 


16.39 


449 








4-021 


24-3 


•375 


4-390 


68-5 


16.41 


450 









TEMPERATURES CORRECTED. 

48. Behavior of the torsion galvanometer. — An inspection of the table 
shows the temperatures to need correction, for the boiling points ( watei 
for instance) are usually low. The cause of this discrepancy is to b 
sought in the temperature coefficient and i^erhaps also in the time c( 
efficient of the magnets of the torsion galvanometer. This error i 
easily allowed for as follows: It is clear that the magnetic chang 
which obtains affects all deflections (deflections for all temperatures 
uniformly. Consequently if N'e be the t>vist corresponding to lOO^ oi 
any day of observation, and if JV^ be the corresponding twist on the da; 
of -calibration, both observed at the same torsion galvanometer, thei 
Noy/N^e is the factor for the reduction of all temperature observationi 
for the former day to the scale of the calibration day. 

To test this inference I made two independent calibrations of th 
same couple about a month apart. The constants a and b given L 
Table 17, where ¥9= a (T—t) + h {T'^—t% show considerable varis 
tion during this interval.^ Computing the twists ¥$ and l^'e for d^ 
ferent temperatures T, when t= 20°, it is found that ^9/ ^' b is co 
stant within less than 3 per cent for the whole interval 50^ to 4(0 
Clearly this is an error of observation, since the constants a and h ne\^ 
quite faithfully reproduce the calibration interval. Slight reciprocz 
changes of a and ^, for instance, would wipe out the discrepai*.^ 
A{Ne I ^^d), without appreciably slighting the observations. 



^3}> t orotho temperatures at the junctions of the platiuum platinum-iridinm thormo-oouplo. 
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Table 17. — Constanta of the torsion galvanometer and couple. Comparisons of T, April. 

20 and May 27, 



K^^^onS a=.0844, TiTo V 97 ^ a'-. 0829. 

Apnl 20 J 1,^^0000717, ^^^ ^^ { 6'=.0000604. 



[Computed from observations at 100° and 357^.] 



T. 


Nq. 


N'q. 


N^/N'^. 


o 
50 


2-683 


2-632 


•9810 


100 


7-440 


7-298 


-9809 


150 


12-557 


12-311 


-9804 


200 


18-031 


17-670 


-9800 


250 


23-865 


23-377 


•9796 


300 


30057 


29-430 


-9792 


350 


36-611 


35-831 


-9787 


400 


43-520 


42-578 


•9784 



49. Air thermometers comparison. Apparatus. — There is a more serious 
question relative to the degree of truth of the interpolation equation 
N'e=a {T — t)+l> (T^ — f). This .can only be decided by direct air-ther- 
mometer comparisons, such as are given in Table 18, There are three 
complete time series and two comparisons in steam. 

The air-thermometer bulb used was my reentrant form, combined 
with the Jolly-Pfaundler stand, by a platinum capillary. The method 
of work is described elsewhere.^ Here I need only remark that the 
metallic fiducial mark at the bulb end of the manometer, being noth- 
ing more than the sharpened end of the platinum capillary, the criterion 
of constant volume was given by an electric contact. 

To heat the bulb I made use of a large paraffin bath, being a cylinder 
about 7 inches long and 7 inches in diameter. This was heavily jacketed 
with a thickness of about 1 inch of asbestos. At the center of the bath 
the bulb of the air thermometer was placed; and being of the reentrant 
form the junction of the thermocouple in its turn was at the center of 
the bulb. 

The paraffin bath. Figs. 9 and 10, needs further description. It 

consists of two half cylindrical boxes of brazed copper, d ef and g h Jcj 

which fit into each other on their flat sides. These are of thin sheet 

copper, provided with hemispherical cavities H and gutters 1 1 adapted 

to receive the air- thermometer bulb and thermocouple. The figure 

shows the thermocouple a o ,3 and the air thermometer bulb S H tin 

place, the stem of the latter and the insulator of the former issuing in 

opposite directions. Though filled with paraffin in the present experi- 

in^ents, the apparatus was constructed to be used as a vapor bath at 210° 

(naphthalene) or 310° (diphenylamine). In such a case the chimneys N 

^I'e prolonged by iron gas pipe into which the vapors distill and condense, 

falling back into the charge below (indicated by the dotted horizontal 

^^^^e). In this way thoroughly constant temperature may be obtained, 

^d.the apparatus is therefore available for standardizing'^ a porce- 

• Bull. U. S. Geol. Surv., No. 54, 1889, pp. 168 et aeq., 188 et acq. 
«Cf. Bjm:us: Bull. U, S. Gcol. Surv., No. 54, 1889, pp. 22, 208 ot acq. 
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lain (iiouinglazed) air thermometer, by aid of a glass air thermometer 
bulb of known constants, through the intervention of (or consdcutive 
comparison with) the same platinum-iridium thermocouple. 

In all cases the bath is to be heavily jacketed with asbestos, to a thick- 
ness of say 1 inch. Two burners are then sufficient. 




FiQ. 9.— Sectional vapor bath, for compaiiug air tliermometer and tliermoconplo. 

50. Observations, — Observations were made during the period of cool- 
ing, after heating the bath to 3000; cooling must, therefore, take place 
so slowly that the temperature of the air thermometer bulb and of the 
thermocouple may be regarded as identical. Whether this is the case 
can be decided only by trial. Therefore, in making the following com- 
parisons, the tirst and third series were observed during ordinary cool- 
ing 5 in the fifth series, however, a flat evaporating burner was placed 
under the paraffin bath to insure slower cooling. The liquid was stirred 
and paraffin gradually added to compensate for the contraction, to qqoI- 



BABU8.] 



SECTIONAL VAPOR BATH. 



49 



ing:. In the table Vis the vohime of the air- thermometer bulb, i?' that 
of the hot part of the stem, t?" that of the cold stem and of the capillary 
counections and dead spaces; finally ho is the observed i)ressuie for the 
bulb ill melting ice. It is advisable to work with slightly rarefied air, 
to avoid pressure on the bulb at the high temperatures. 

-^20 is the twist observed at the torsion galvanometer at the time 
given, and when the temperature measured by the air thermometer was 
Tnjt. From this I computed ^20? the twist which would have been ob- 




FlO. 10.— Longitadinal elevation of one of the halves of vapor bath, nhowini; the thermometers in place. 

served on the day of calibration (May 27), by the method shown in § 48, 
Hence I made use of the series 11 and v (comparisons in steam) and of 
the tow t&mj^ature comparisons between thermocouple and air ther- 
mometer, for here the cooling is so slow that no time lag need be appre- 
hended. 

From both JP* and JV^e, the thermoelectric tem])erature equivalents 
T^^ and T^e were then computed, by aid of the data of Table 17. 
BulL96 4 
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Table 18. — Comparison of thermocouple and air thermometer, 

F=239'93«; t>'=-030««'; t;"=.694«'; Ao=48-28«™. 



Time. 


N'^o- 


T.t. 


J^ao. 


Ttc. 


Diff. 


Tte. 


Diff. 


I. 21 


28-464 


292-1 


28-749 


291-6 


4- -5 


294-0 


=1-9 


36 


25-531 


263-5 


25-786 


267-8 


-4-3 


270-0 


-6-5 


44 


24001 


251-4 


24-241 


255-1 


-3-7 


257-3 


- 5-9 


.52 


22-648 


239-4 . 


22-874 


243-6 


-4-2 


245-6 


-6-2 


61 


20-456 


222.1 


20-600 


224-6 


-2-5 


226-5 


-4-4 


7 


19-438 


213-3 


19-632 


215-5 


-3-2 


217.4 


-4-1 


18 


18-052 


201-3 


18-233 


203-1 


-1-8 


204-7 


-3-4 


34 


10-066 


183-2 


16-227 


185-2 


-2-0 


186.5 


-3-3 


45 


14-893 


171-2 


15-042 


174-2 


-3-0 


175-6 


-4-4 


58 


13-571 


100-6 


13-707 


101-8 


-1-2 


163-2 


-20 


17 


12- 155 


146-9 


12-277 


148-5 


-1-6 


149-7 


-2-8 


34 


10-840 


134-9 


l(»-948 


135-4 


- -5 


136-7 


—1-8 


50 


9912 


125-5 


10-011 


126-4 


— -9 


127-4 


-1-9 


12 


8-639 


' 114-0 


8-725 


113-6 


+ -4 


114-5 


- -5 


35 


7 598 


103-8 


7-674 


103-1 


•4- -7 


103-8 


± 


9 


6-359 


90-4 


6-423 


90-3 


+ -1 


91-0 


- -6 


40 


5-448 


80-9 


5-5i»2 


80-5 


+ -4 


81-1 


- -3 


58 


4-975 


76-4 


5-025 


75-4 


+1-0 


76-0 


+ -4 


19 


4-479 


70-9 


4- 5-24 


70-0 


+ -9 


70-5 


+ -4 


39 


4075 


66-7 


4-116 


65-7 


+1-0 


66-1 


+ -6 


120 


7-245 


100-22 


7-317 


99-4 


+ -8 


100-2 


± -0 


7-264 


100-28 


7-337 


99-6 


+ -7 


100-4 


— -1 


III. 34 


28-174 


286.3 


28-456 


289-4 


-3-1 


291-6 


-5-3 


45 


26-136 


270-0 


26-397 


272-8 


-2-d 


275-0 


-5-0 


56 


24-400 


2550 


24-644 


258-5 


-3-5 


260-5 


-5-5 


7 


22050 


235-3 


22-270 


238-5 


—3-2 


240-5 


-6-2 


17 


20-731 


224-3 


20-938 


227-0 


-2-7 


229-0 


-4-7 


26 


19-338 


214-5 


19-531 


214.6 


- .1 


216-6 


-2-1 


38 


18036 


200-4 


18-216 


203.0 


-2-6 


204-8 


-4-4 


50 


16-799 


189-2 


16-967 


192-0 


. -2-8 


193-6 


-4-4 


6 


15-184 


176-2 


15-336 


177-0 


- -8 


178-5 


-2-3 


21 


13-899 


164-2 


14-038 


165-0 


- -8 


166-4 


-2-2 


44 


12-237 


148-9 


12 359 


149-3 


- -4 


150-4 


-1-5 


IV. (-53 


29-702 


299-6 


30-147 


301-6 


-2-0 


3050 


54 


js 


29-223 


295-3 


29-661 


297-9 


-2-6 


301-2 


-5-9 


1l6 


28-744 


2920 


29-175 


2940 


—2-0 


297-3 


-5-3 


(25 


28-410 


289-1 


28-836 


291-4 


—2-3 


294-8 


—5-7 


[33 
42 


22-025 


236-3 


22-355 


238-3 


— 2*0 


241-2 


—4-9 


21-492 


232-2 


21-814 


233-6 


—1-4 


236-5 


—4-3 




55 


20-866 


226-9 


21-179 


228-3 


-1-4 


2310 


-4-1 




9 


20-293 


2220 


20-597 


223-2 


-1-2 


225-8 


-3-8 




f 3 


14-334 


167-7 


14-549 


169-0 


-1-3 


171-2 


—3-5 




13 


13-590 


160-9 


13-794 


1620 


-11 


1641 


—3-2 




24 


12-720 


153-4 


12-911 


154-0 


- -6 


155-6 


— 2-2 




36 


11-897 


145-4 


12-076 


145-9 


- -5 


147-7 


—2-3 




[18 


9-487 


122-5 


9-629 


122-0 


+ -6 


123-4 


— -9 




29 


8-943 


117-2 


9077 


116-7 


+ -5 


118-0 


— -8 




38 


8-567 


113-1 


8-696 


113-0 


+ -1 


114-3 


-1-2 




52 


7-966 


107-1 


8-086 


106-7 


+ -4 


108-0 


— -9 


529 
^39 


6618 


94-0 


6-717 


93-0 


+1-0 


94-0 


± -0 


6-335 


90-9 


6-430 


900 


+ -9 


910 


+ -1 


v.a6 


7-205 


10003 


7-313 


99-0 


+1-0 


100-1 


•1 


t^28 


7-221 


10009 


7-329 


991 


+1-0 


100-3 


- -2 


(37 


7199 


100-09 


7-307 


99-0 


+ 1-1 


100-1 


db 


' 










1 





^ Steam, temperature 100-11° 
t Steam temperature 99-93°. 

Table 19. — Interpolated from the above. 



T2o(airther- 5^0 

mometer). ! 



N'. 



»• 



2-03 



100° 



7-30 
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Tables 17 and 18, or a graphic representation, sliow at once that 
tlirougliout every stage of cooling, temperature as registered by the 
thennocouple is always higher than the corresponding temperature of 
the air thermometer. Inasmuch as the system cools from the outside 
of the air thermometer bulb, this is precisely what must occur in case 
of too rapid cooling. It is well, however, to note that in Table 18, 
series iv, notwithstanding much retarded cooling, the discrepancy be- 
tween air thermometer and thermocouple retains its original magnitude. 
Without passing judgment, therefore, I have deduced IW and -^20 from 
all the observations, for use below. See Table 19. 

61. Isometrics corrected as to temperature. — Applying the corrected 
temperatures investigated in the foregoing paragraph, I obtained the 
following data for the isometrics, N'e is the corrected twist and 6^^ and 
8t^ its thermal equivalent, as expressed by the air thermometer or the 
thermocouple (boiling points, H2O and Hg), respectively. The two data 
given under J are to be similarly interpreted. Ap is the value already 
met in tables 12 to 16. 

It follows from the slight irregularities still observable in the boiling 
points, that in order to use the torsion galvanometer satisfactorily, check 
measurements of the boiling point of water must be made before and 
after any series of temperature observations. 

Table 20. — Isometrics of etlier. 



^0- 



4-249 
4-273 



7-291 
7-309 



13-301 
13-412 



7-318 
7-282 
4-260 
4-260 



7-312 
7-288 



15-513 



BttO' 



15-1 
67-5 

67-8 
15-5 
99-9 

1001 
15-5 



15-4 

159-4 

160-5 

15-5 

100-2 

99-8 

67-7 

67-7 
15-0 



15-9 
100-1 

99-9 



16-2 
1801 



0a, c* 



15-1 

68-2 

68-4 I 
15-5 ! 
99-9 ' 

100-1 
15-5 



15-4 
158-1 

159-2 

15-5 

100-2 

99-8 

68-4 

68-5 
15-0 



15-9 
100-1 

99-9 



^e. 




52-4 
53-1 
52-3 
52-9 


84-4 
84-4 
84-6 
84-6 







1440 

142-7 

145-0 

143-7 



84-7 

84-7 

84-5 

84-5 

52-4 

53-1 

52-7 

53-5 





} 




84-2 I ) 
84-2 , S 
840 ) 
84-0 i} 



16-2 
178-0 I J 




103-9 
161-8 



1} 



AJJ. 





474 

479 



762 

765 





1272 

1278 1 


778 

778 

493 



493 ! 

0! 




755 

757 




1439 



^0- 



15-560 



16-245 
16-315 
16-405 



7-308 
7-203 



7-300 
7-300 



7-294 

7-287 
4-287 
4-296 



Ouc 



180-6 
162 



15-9 
186-9 

187-5 

188-4 

15-8 

1001 

99-9 
15-9 



160 
100-0 

1000 



160 
99-9 

100-0 

68-1 

68-2 
16 2 



Ba, t' 



178-6 
16-2 



15-9 
184-5 

185-4 

186-2 

15-8 

100-1 

99-9 
15-9 



16-0 
100-0 

100-0 



16-0 
99-9 

1000 

68-5 

68-6 
16-2 



4A0. 



C 164-4 ? 
I 162-4 , 5 



< 171-0 ' I 
\ 168-6 5 
C 171 6 } 
\ 169-5 5 
C 172-6 } 
i 170.4 ' 5 



< 84-3 ) 
\ 84-3 5 

: C 840 j ? 

\ 84-0 I 5 



C 84-0 > 

\ 840 5 

s 84-0 : ) 

I 84-0 5 




83-9 
83-9 
84-0 
840 
520 
52-4 
52-0 
52-4 





\ 



Ap. 



1442 





1472 

1468 

MGO 



767 

7G8 




783 

784 





767 

770 

491 

40) 
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Table 21. — Isometrics of alcohol. 



Ne 



4-493 
4-499 

7-317 
7-323 

13-464 
13-461 

7-337 



Ne 



4-273 
4-308 
7-305 
7-289 
4-356 
4-398 



7-303 
7-303 



9-769 



«*.c 


Ba,t 


17-2 


17-2 


70-1 


70-6 


70-2 


70-9 


17-2 


17-2 


100-2 


100-2 


100-2 


100-2 


17-2 


17-2 


160-8 


159-6 


160-8 


159-6 


17-2 


17-2 


17-0 


17-0 


100-4 


100-4 



Ad 




Ap 


7-323 


Bt,c 


Ba,t 




Ad 




Ap 



C 52-9 
> 53-4 


\ 



562 


100-2 
16-8 


100-2 
16-8 


{ 


83-4 

83-4 




\ 


8D3 



C 53-0 
) 53-7 


\ 


556 


13-520 


161-4 


160-0 




144-6 
143-2 




1592 



C 83-0 





891 


13-522 


161-4 


1600 




144-5 
1431 




1582 


} 83-0 


\ 




16-9 


16-9 












C 83-0 


'i 


888 





16-9 


16-9 












{ 83-0 



^ 


4-310 


68-2 


68-9 




51-3 
52-0 




541 


C 143-6 
I 142-4 


\ 


1583 


4-300 


68-1 


68-8 




51-1 
51-8 




533 


C 143-6 


] 


1575 





17-0 


17-0 












\ 142-4 



7-345 


100-4 


100-4 




83-4 
83-4 




895 










7-316 


100-2 


100-2 




83-2 
83-2 




884 


C 83-4 
{ 83-4 


\ 


899. 


*••••••• 


17-0 


17-0 













Table 22. — Isometrics of thymol. 



Ot,c 



67-7 

68-2 

100-0 

99-9 

68-8 

69-2 

17-2 

100-0 

100-0 

17-2 

124-9 



9a t 



68-5 

68-9 

100-1 

99-9 

69-2 

69-8 

17-2 

100-0 

100-0 

17-2 

124-6 



Ad 



S 



50-5 
51-3 
51-0 
51-7 
82-8 
•82-9 
82-7 
82-7 
51-6 
52-0 
62-0 
52-6 

82-8 
82-8 
82-8 
82-8 

107-7 
107-4 



Ap 



} 



1 



704 

705 i 

1155 

1156 

714 

715 



1169 

1160 



1508 



^9 



et,c 



9-763 



4-339 
4-325 



7-307 
7-334 



9-889 
9-963 



124-8 
17-2 

17-0 
68-5 

68-4 

16-9 

100-1 

100-3 

16-8 

126-1 

126-9 
16-8 



9a,t 



124-5 
17-2 

17-0 
691 

69-0 

16-9 

100-1 

100-3 

16-8 

125-8 

126-5 
16-8 



Ad 



107-0 

107-a 






5 
1 
5 
1 

2 
2 
5 
o 

109-3 
109-0 
110-1 
109-7 




51 
52 
51 
52 

83 
83 
83 
83 



Ajp 



1495 



721 

729 



1166 

1171 



1512 

1506 




About a month later, and after the gauge and appurtenances had been 
much used during intervening experiments, I repeated the work for 
thymol again, using the same tube as in Table 22. The results are 
given in the next table (22 supplement) and will be seen to be in excel- 
lent accord with the earlier data. This proves that there can have been 
no error in the method of measurement between times, and hence 
the exceptional behaviors noted in case of some of the following sub- 
stances are actual peculiarities. The constancy of the gauge factors 
vouched for in this way is gratifying. 

Table 22 (supplement). — Isometrics of thymol. Check-work a month after the above. 



n 


t 


n9 


N9 


9 


Np 


2^ 


Ad 


Ai? 










25-9 
1000 
100-0 

•26-0 
1251 
125-5 

260 


6-20 
44-47 
44-50 

6-60 
57-25 
57-25 

6-55 


170 

.1218 

1219 

181 
1569 
1569 

179 



74-1 
74-0 


99-1 
99-5 





10-48 
10-38 


13-88 
13-90 




6-513. 
0-460 


27-6 
27-7 


•665 
•673 


7-188 


8*896 
8-925 


28-1 
281 


•711 
-711 


9-607 
9-636 
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Table 23. — I$ometric8 of para-toluidine. 



^0 


Bt,c 


Oa,t 


A0 


Ap 


^9 


Ot,e 


0a,t 


A0 


' ^p 


4-328 
4-311 

7-286 

7-274 

4-352 
4-343 

9-774 


68-4 
68-2 

99-9 

99-7 

68-6 
68-5 

124-8 


69-1 
68-9 

99-9 

99-7 

69-3 
69-2 

124-6 






9-776 

4-307 
4-336 

13-231 

13-256 

4-332 
4-331 


125-0 

68-3 
68-5 

158-8 

1590 

68-5 
68-6 


124-8 

68-9 
69-2 

157-4 

157-8 

69-0 
69.0 


C 56-7 

X 55-9 





C 90-3 

) 88-2 

5 90-5 

) 88-8 






I 799 




1 1137 

1 1124 






C 31-7 
\ 31-0 
C 31-1 
\ 30-4 


C 56-3 
i 55-4 



] 452 

^ 441 




1 809 

1 



Table 24. — Isometrics of dijjhenylamine. 



^d 


Bt,c 


9a,t 


A0 


Ap 


^^6 


et,c 

163-4 

69-0 
69-2 

99-9 

100.2 

(09-5) 
69-5 
69-7 

127-1 

127-6 

70-0 
69-8 


0a,t 


Ad 


Ap 


4-323 
4-315 

7-303 

7-297 

4-399 
4-407 

9-916 

9-978 

4-360 
4-3GG 


68-3 
68-2 

100-0 

100.0 

69.2 
69-4 

126-5 

1270 

68-7 
68-8 


690 
69-0 

1000 

100-0 

698 
69-9 

126-0 

126-6 

69-4 
69-6 






13-731 

1 4-392 
i 4-398 

7-284 
7-316 

i" 4-428" 
4-455 

9-988 

10-053 

4-479 
4-456 


162-2 

69-6 
69-8 

99-8 

100-2 

(70-1) 
701 
70-5 

- 126-8 

127-3 

70-8 
70-6 


5 94-4 
\ 92-6 


C 30-7 
\ 30-0 
C 30-7 
I 30-1 


1 1345 




j 481 
I 479 




C 31-8 

\ 31-0 

C 30-8 

\ 30-2 





C 57-1 

\ 56-1 

C 58-3 

\ 57-2 






i 
} 499 

1 487 




1 915 

1 900 









C 67-4 

\ 56-3 

C 57-6 

{ 66-5 









} 914 

1 904 





13-752 


163-7 


162-4 


C 04-7 
\ 92-8 


1 1346 



CORHECTION FOR THE THERMAL AND ELASTIC VOLUME CHANGES OF THE GLASS 

TUBES. 

52. Thermal expansion of glass. — The direct measurement of tbe elastic 
constants of glass throughout an interval of 300° and 2000 atmospheres 
is at present out of the question. Hence I selected liquid substances 
of large compressibility, in order that the discrepancies due to the com- 
pressibility of glass might be of smaller magnitude, and could, there- 
fore, be at least in a measure applied by interpolation from known 
data. It is clear at the outset, moreover, that the correction in ques- 
tion is of smaller moment, because it is differential in character. Rise 
of temperature expands the glass tube, pressure again diminishes it. 
If the isometrics of solid glass and the liquids were identical, the cor- 
rection would be nil. Curiously enough this is nearly the case. 

Tlie expansion of glass througliout large intervals of temperature 
was measured by Dulong and Petit,' by Recknagel,^ and by others. 
The results of tlie latter are the larger. For this reason I accept the 
former, seeing that in the case of compressibility of glass a datum 






»Diilong and Petit: Ann. de chim. ct phys. (2), VII, 1817, p. 113. 
*Ilecknagol: Sitz. Ber. k. Bayr. Acad. (2), 1866, p. 327. 
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too small must be accepted for want of dat/a on the thermal variations. 
Dulong and Petit find that from — 

0« to 100«, coefficient of expansion, /9 = 258/10^ 
0« to 200«, coefficient of expansion, /9 = 276/10"' 
0« to 300O, coefficient of expansion, ^ = 304/10 ''. 

A chart may then be platted from which ^5 may be taken tor any inter- 
val. It follows that the volumes, F20 of the constant volume tube, in 
terms of the volume at 20^, will be (pressure = 1 atmosphere). 

T = 200 50O 1000 150O 2000 250O 300© 

F:^n=l•00000 1-00075 1-00208 1-00350 1-00504 1-00670 1-00856 

Again, the corresponding volumes, F70 in terms of the volume at 70°, 
will be — 

T = 700 1000 150O 2000 

^70 = 1-00000 1-00080 1-00222 1-00376 

63. Compressibility of glass. — On the other hand the compressibility 
of glass, 1/fc, from corroborative results of Eegnault and Amagat \ is 
1/4x10^^ in terms of dynes and square centimeters. Bearing in mind, 
therefore, that no compensation of 1c in respect to temperature can be 
made, the volumes of the constant volume tube under any hydrostatic 
pressure, P will be 1 — P x 10^/A;, where 

P = 500 1000 1500 2000 2500 3000 atmospheres, 
P/fc = -00125 -00250 -00375 -00500 -00625 .00750 

Thus, when the initial temperature is 20^, the volumes will be as fol- 
lows: 

Table 25. — Isometrics of solid glass, in terms of unit of volume at 20^ and 1 atmosphere. 



6 — 


20° 


500 


100° 


150° 


2000 


250° 


300O 


P = l atm. 


1-0000 


1-0007 


1-0021 


1-0035 


1-0050 


1^0067 


10086 


500 atm. 


•9987 


•9995 


1-0008 


1-0022 


1-U030 


1-0054 


1-0073 


]0( atm. 


•9975 


.9982 


•9996 


1-0010 


1-0025 


1-0042 


1-0061 


151 !0 atm. 


•9962 


•9970 


•9983 


•9997 


1-0013 


1^0029 


1.0048 


2000 atm. 


•9950 


•9957 


■9971 


•9985 


1-0000 


1-0017 


1-0036 


2500 atm. 


-9937 


•9945 


•9958 


•9972 


•9988 


1.0004 


1-0023 


3000 atm. . 


•9925 


•9932 


•9946 


•9960 


•9975 


•9992 


1.0011 



A similar table is easily constructed for unit of volume at 70^ and 
1 atmospliere. 

If these results are represented graphically, the volume changes ^1?, 
if the constant volume tubes can be at once obtained for each of the 
pairs of values of J^ and J^ given in tables 20 to 24. I have given a 
full list of the values, dv^ in table 27, where the arrangement adopted 
is such as to correspond to the earlier tables (12 to 16). 

54. Compressibility of the above liquids, — Having given these data, 
it is therefore finally necessary to find the pressure equivalent of the 

' Amagat: C. R., 0V1II,1889, p. 1199; CVII, 1888, p. 618, or J. D. Everett's Tables (Macmillan, 1879, 
p. 63). 
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values Sv, in other words, to find the value dp which will annul 3v. 
To do this it is necessary to know the compressibility of each of the 
liquids under the given conditions of pressure and temperature. The 
results of my earlier papers^ are available for this purpose, and from 
them I take the following mean values. 

Table 26,— Correction factors ( ^( y)/ ^p\ 2>ein<7 compreaaibiliiies at 6° and p aim. 



ETHER. Ad=e—20°. 



B 



o 
70 
100 
160 
185 
220 



10«d 



100 
95 
80 
70 
60 



THYMOL. Ae=e— 20O. 



600 
830 

i:wo 

1400 
1760 



ALCOHOL. AO — 0— 20°. 


o 






70 


66 


700 


100 


63 


1040 


160 


51 


1730 


PAKATOLUIDINE. Ae = 


0—70°. 


100 


52 


870 


136 


50 


1240 


160 


45 


1580 



70 
100 
130 



ICv 



<;)/<'. 



46 
44 
42 



910 
1360 
1710 



DIPHE^'YL AMINE. 
dA = e— 60=>. 



10'' X 



(/(y)/di> 



100 
130 
160 



43 
40 
38 



960 
1390 
1780 



Knowing therefore the volume changes of the glass, and the com- 
pressibility of the inclosed liquid under the given conditions of pressure 
and temperature, the correcton dp follows by division. This is fiilly 
given in Table 27. Utilizing these values I constructed the final Table 
28, in which Ad and 4P, such as would be observed if the glass tube 
were absolutely rigid, are inserted. This table 28 exhibits the impor- 
tance of the correction dp, relative to Ap. For A6 1 give the thermo- 
electric values only, believing them to be the more nearly correct. The 
table also contains ^„ and ^o? which are the initial pressures and tempera- 
tures used in constructing Ap and A 6 (cf. Tables 12 to 16). In case of 
paratoluidine and diphenylamine, po had to be estimated. 



> Barns: Am. Jouni. (3), XXXIX, 1890, p. 501. 
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Table 27. — Correctione (dp) for ihermal and elastic volume changes of glass tubes* 

ETHER. 



Ap 


Ad 



5pX10« 


lOex 
d (y) / dp. 


6p 


475 
765 


52 

84 


+ 100 
+ 300 

+ 700 
+ 300 
+ 100 


110 
95 


+ 1 
3 


1275 
780 
495 


144 
85 
53 

84 
164 

170 
84 


80 

95 

110 


9 

3 
1 


755 
1440 


+ 300 
+ 900 

+ 1080 
+ 280 


05 

70 


3 
13 


1470 
765 


70 
95 


15 
3 


785 1 84 

1 


4- 800 I 05 


3 

, 
1 


770 
490 


84 
52 

84 
204 

52 
83 


+ 300 
+ 100 


95 
110 


3 
1 i 


780 
1760 


+ 300 
4- 1400 


95 
60 


3 
23 


510 
820 


+ 
+ 100 


110 
95 



1 

.1 



700 
1030 
1780 



1030 



870 
1240 



I 



31 



300 
410 







« 


10« X 




Ap,p 


A0 


ivXW 


^ (;) MP 


ip 


740 


84 
52 


+ 350 


95 


+ 4 


465 


+ 200 


110 


2 


750 


84 


H- 300 


95 


3 


465 


53 


+ 150 


110 


1 


740 


84 


+ 300 


05 


3 


1250 


142 


+ 600 


80 


7 


1370 


167 


+ 1150 
•f 250 


70 


16 


490 


52 


100 


2 


760 


82 


+ 400 


95 


4 


1250 


141 


+ 900 


80 


11 


1710 


202 


+ 1800 


60 


30 


816 


82 


+ 400 


95 


4 


1760 


203 


+ 1750 


60 


80 


580 


51 


-f 200 


100 


2 


1344 


142 


+ 800 


80 


10 


1760 


203 


+ 1700 


60 


+ 28 


850 


83 


+ 350 


95 


+ 4 


590 


53 


+ 200 


100 


+ 2 


1340 


141 


+ 800 


80 


+ 10 



ALCOHOL. 



53 

83 

143 


100 

50 

— 100 


06 
63 
51 


— 2 

— 1 

— 2 


1730 

690 

1050 

1 
1 

1 


144 

52 
83 


— 100 

— 00 

— 50 


51 
GO 
63 


— 2 

— 0' 

— 1 


83 


— 100 


63 


— 2 



PA RATOLUIDINE. 



52 
50 



— 6 

— 8 



1580 



89 



— 300 



THYMOL. 



900 


51 


— 500 


46 


— 11 


1350 


83 


- 750 


44 


— 17 


910 


62 


- 5'>0 


46 


— 11 


1360 


83 


- 750 


44 


- 17 ' 



1710 


108 


9:u) 


52 


1370 


83 


1715 


110 



— 950 

— 500 

— 7i>0 

— 850 




42 
46 
44 
42 



— 23 

— 11 

— 17 

— 20 



DIPHEXYLAMINE. 



1000 


31 


— 4.'>0 


43 


— 10 


I4:i0 


58 


— 650 


40 


— 16 ii 


1780 


93 


— 800 


38 


- 21 ;! 

> ii 




68 
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Table 28. — Isometrics — Digest of probable results corrected. 



[BULL OG. 



SabHtanco. 


A0 


Ap' 
Sp' 


Ap 


Sabstance. 


A9 


Ap' 
8p' 


Ap 


Ethor 


•50-5 

81-8 

142-5 

20'»'0 


437 

2 

701 

4 

1196 

10 

1A10 


439 

705 

1206 

1649 


*Paratoluidino 
e„ — 080 


31-4 
56-5 
90-4 


441 
—6 

800 

-8 

1124 

—7 


435 

792 

1117 


0o = 18« 

I>„ _ 30 atm . . . 


30 


Thymol 

tfo — 17« 

Po =r3 80 atm . . . 


51-3 

82-7 

107-7 


710 
—11 
1158 
17 
1495 
—23 


700 
1141 
1472 


Ether 


52-5 


464 

2 

723 

4 
looa 


466 

727 

1 

1219 
1670 


ft. — 17*> 


82-6 
^.^o 1 


1 10 
p^ = 30 atm ... 205-0 1642 

i 28 


' Thymol , 515 

«o — 170 83-3 


729 
—11 
1171 
17 
15U6 
—20 


718 
1154 
1486 


AIcoliol 

^0 = 17'' 

Pq 50 atm . . . 


530 i 556 

J -2 
83-0 888 

1 

143-6 ; 1575 

—2 


554 

887 

1573 


:po~-SO atm . . . 


109-7 


1 *Dipheiiy la- 
mine 

^0-680 


31-3 
57-7 


487 
—10 

900 
—16 


477 
884 


Alcohol 

eo=^n^ 

Pq — 50 atm . . . 


51-2 . 533 
o 


551 

888 

1580 


83-4 
144-5 


889 

1 

1582 

-2 


*D i p h eiiyla- 
mine 

« = 68o 


30-7 
57-5 
94-5 


479 
—10 

904 
—18 
1345 
—21 


469 

886 

1324 



Po = 400 atm., approximately. 



DEDUCTIONS. 



55. Curvature and slope of the isometrics, — The dedactions to be made 
from tlie above laborious investigation can be briefly stated. It cou- 
duces to clearness to express graphically both the data of Tables 20 
to 24, as yet uncorrected for the volume changes of the glass tube con- 
taining the solutions, as well as the data of Table 28, in which this cor- 
rection has been provisionally added. This is done in PI. ii, 1 and 2, in 
both of which J|? are fully given, as is also 66 in 1. In 2 the change 
of Ad is represented, and the points are connected by straight lines to 
bring out the contour of the curves. 

It is seen at a glance that below 1,000 atmospheres the curves are so 
nearly linear that they may be accepted as such with an error no larger 
than lo or 2° at 1,000 atmospheres. This is quite within the unavoida- 
ble errors, as may be seen from an inspection of the individual points. 
The discrepancy is somewhat greater for toluidine^j here, however, the 
initial temperature is high, being 70°. 

Turning first (PI. it, 1) to ether, the deviation from the right line 
at 1000 is less than 1^ G. ; at 1500 atmospheres, the deviation is 9'5o in 
one case and 10^ in the other, showing an abrupt increase of curva- 
ture. The slopes of the isometric within the first 1000 atmospheres, are 

'Owing to breakage of the tube, I did not repeat toluidine. 
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DIAGRAM SHdWING THE ISOMETRICS OF ETHER, 
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104^/1000= 414 in one case and 115/1000= -llSo per atmosphere iu 
the other. 

Alcohol diflPers from all the other isometrics, inasmuch as the curva- 
ture is upward. The deviation at 1000 atmospheres is nearly 2°. The 
initial slope of the isometric 95o/1000='095o per atmosphere. 

Thymol, curiously enough, is strikingly near a straight line. The 
deviation at 1000 is inappreciable. The slope of the isometric 71/1000= 
•071° per atmosphere. 

Diphenylamine deviates from the straight line. The slope is 63/1000= 
•063O per atmosphere. 

In case of toluidine the slope is -OTOo per atmospere. In the two 
latter cases it must be remembered that the initial temperature is 78^, 
and the initial pressure 400 atmospheres. The deviation from the rec- 
tilinear path is an abrupt high-temperature occurrence. 

Turning finally to pi. ii, 2, the following slopes are found which may 
be compared with the slope of 1 : 

Table 29. — Observed initial slopes of the isometrics. 



Not corrected for volume 
changes of glaHfl tubes 

Corrected for volume changes 
of glass tubes 

Initial temperature 

Initial pressure, atmosphere.. 

Boiling point 

Melting point 



Ether. 



°0. /aim. 



•114? 

•115 3 
•116 

•114 
170 

30 
34° 



Alcohol. 



oC. / atm. 

•095 

•093 
•094 
170 

50 

780 



Thymol. 



Dipheuyla- Para-tolui- 
mine. I dine. 



°C,/ atm. 
•071 

•073 

•072 
170 

80 

2330 

530 



°C. I atm. 

•063 

•065? 
•065 5 

680 
(400) 
3100 

540 



°C./ atm. 
•070 

•072 

68° 

(400) 

198° 

430 



It is seen from this tabic, as well as from Table 28, that the correc- 
tion to be applied in consequence of nonrigidity of glass never exceeds 
2 per cent. In case of ether and alcohol it may be disregarded. In 
the other cases the approximation made is probably warranted without 
elaborate measurements of the elastics of glass. 

If the abrupt change of curvature above 1000 atmospheres were due 
to an unwarranted application of Hooke's law, the curvature of the 
isometrics would tend to change in similar ways for all curves at the 
same pressures. This is not the case for the above curves, in wliich the 
contourof each preserves an individual character. Even after tlie gauge 
had been strained (§ 42) I detected no differences in the factor. Again, 
the repetition of the thymol work in Table 22 (supplement), made es- 
pecially to throw light on the present question, shows that no time 
error in the constants of the pressure apparatus is to be apprehended. 

The slopes given in the last table have no absolute value, since these 
data must vary with the initial volume under consideration. Volume 
measurements are beyond the scope of the present paper. I may state, 
however, that when volume measurements are inciluded the complete 
thermodynamics of liquid matter are expressible in the family of curves 
obtained with a degree of accuracy which is experimentally the most 
precise. 
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56. Final interpretation. — ^For tlie time being the above results admit 
of the following interpretation: Whenever a substance passes from the 
liquid to the gaseous state, no matter whether this takes place contiji- 
uously above the critical temperature or discontinuously below it, the 
underlying cause is a change of molecule from a more complex to a less 
complex type. As long as the molecule remains unchanged the isomet- 
rics are straight. When the change of molecule takes place so as to 
begin with the liquid molecule and pass continuously into the gase- 
ous molecule, the isometrics curve continuoiisly for the linear isome- 
tric of the true liquid to that of the true gas. Such an explanation is 
of course tentative. It rests on evidence purely experimental and 
therefore of uncertain interpretation; and it is suggested by a contro- 
versy which I have summed up elsewhere^ as follows: ^'The linear re- 
lation was predicted from theoretical considerations by Dupr6 (1869) 
and by L6vy (1884) — considerations soon proved to be inadequate by 
Massieu, H. F. Weber, Boltzmann, and Clausius. Eamsay and Young 
(1887) established^ the relation in question experimentally for vapors, 
but not, I think, very fully for liquids decidedly below their critical 
points. Eeasoning from these data, Fitzgerald (1887) investigated the 
consequences of the law, viz: (1) specific heat under constant volume 
is a temperature function only; (2) internal energy and entropy can be 
expressed as a sum of two terms, one of which is a volume function 
only and the other a temperature function only. Thus Ramsay, Young, 
and Fitzgerald arrive substantially at the same position from which 
Dupr6 and L6vy originally started." 

Howeyer, too much care can not be taken in keeping clearly in mind 
that pressures which, in relation to the usual laboratory facilities, are 
exceptionally large, may yet be mere vanishing increments when 
mapped out on the scale of the molecular pressures of liquids and 
solids. 

Some notion of the internal pressures encountered may be gained as 
follows : 

Studying the compression of organic substances throughout an in- 
terval of 310O and 600 atmospheres, I found that the isothermal com- 
pression v/ Fcould be well represented by an equation v/ F=ln {l+ap)^f<*- 
where »? and a are constants and p denotes pressure. Taking this as a 
basis, I sought the mean values of the constants involved in some fifty- 
three isothermals, and found —v/V=ln{l+9&y/^ to apply within the 
limits of error of my work. To this extent, therefore, compressibility 
increases as the reciprocal of the first power of the pressure binomial 
(1/9&+P). The interpretation to be given to l/9»? is that of an initial 
or internal pressure. Computing its value for the above or organic 
liquids, I found the data of Table 30. 



»Am. Jour., Sci. 3<1 ser., vol. 38, 1889, p. 407. 

'For a pressure interval not exceedin^j; about 80 atmos])here8 for a group of isometrics, nor abont 30 
atmospheres for a single isometric. See llamsay and Young, PMl. Mag. : 5th ser., vol. 23, 1887, p. 435. 
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TABI.E 30. — Order of values for internal pre88ure, asauming d f —jdp^d \ (l-f9i9ji). 



Subst. 


e 


Internal 
pressure. 

Atm. 
67? 
491 
323 
110 
32 


Subst. 


e 


Internal 
pressnre. 


Etheri>o=100. 

• 


0(7. 

290 

650 

lOOO 

•185° 

310O 


Para-tolni- 
dine iJo=20. 


o(7. 

28° 

650 

100° 

185° 

310O 


Atm. 

1,852 

1,610 

1, 262 

671 

263 


Alcohol p» = 
150 


280 

650 

100° 

185° 

310O 


1,249 

967 

703 

336 

80 


Diphenyl am- 
ine i>o=0 ... 


650 
100° 
1850 
310° 


1,709 

1,610 

1,010 

521 




Thymol 


28° 

640 

lOOo 

1850 

310O 


1,683 

1,481 

1, 146 ! 

669 

228 





If, however, compressibility be supposed to vary as the square of the 
l)ressure binomial,^ viz : 



.1 



d(y) / dp = -^./{i + .py 



the internal pressures corresponding, will have about twice the above 
values. ISow it appears, from recent exi)eriments of my own, that the 
last expression is probably the more nearly true. It follows therefore 
that at zero centigrade, internal pressures of the order of 1,000 to 4,000 
atmospheres are to be taken into account. 

57. Isometrics of solid glass. — A singularly curious inference is sug- 
gested in comparing the approximate isometrics of glass above de- 
duced, (§§ 52, 53), with the liquid isometrics of the present and earlier 
papers. It appears that for solid glass the slope of the isometric is 
about 1000/1000 = .10 per atmosphere in its initial course. This coin- 
cides very nearly with the slope of the isometrics of the above organic 
liquids, varying as they do between .07^ and .12o per atmosphere. In 
view of the similarity of glass and the rock producing magma, this 
degree of isometric similarity is of great interest. In general the 
proximity of the solid and liquid isometric of compound matter is 
worthy of note. 

The metallic isometrics are different from the above. So far as they 
can be obtained* the slope of the isometric 



P I 



per atmosphere, where h and ,3 are respectively the resilience of vol- 
ume and the coefficient of expansion, is only '0140 for steel, 'OlCo for 

• Cf. Barns: Am. Jonrn. Sci. (3), vol. 39, 1890. pp. 497-506. 

* Constants it and /3 are taken from Everett's tables. 
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irou, and 'Olio for copper. They thus preserve an order of magnitude 
' different from that of glass or the above organic liquids. 

58. Conclusion. — In conclusion I will advert to the easy possibility of 
obtafiiing families of isometrics, and from them a complete representa- 
tion of the isometrics of liquids with a given pressure interval of say, 
.3000 atmospheres. For this purpose it is merely necessary to change 
the volume of liquid contained in the glass tubes, and to refer all vol- 
umes to the one obtaining at the initial temperature. Thus in the 
above tube and in case of ether, temperatures pass from 20° to 220^^ 
while pressure varies from to 1,900 atmospheres, say. Supi)ose, now, 
that the electric contact is moved in such a way that at 200^ the pres- 
sure producing contact is not much greater than the vapor tension of 
the liquid. Clearly, therefore, the isometrics may now be studied be- 
tween 200O and a temperature between 300^ and 400^, while pressure 
varies between and 2,000 atmospheres as before, etc. Apart from 
the unavoidable tediousness of the work, the experimental devices 
suitable for accomplishing this easily suggest themselves. 



CHAPTER III. 

A COMPARISON OF THE BOyRDON, THE TAIT, AND THE AMAGAT 

HIGH-PRESSURE GAUGES. 

HISTORICAL. 

59. The earlier worlc. — lu my earlier work (chapter ii), while inves- 
tigating the isometrics of liquids, I was obliged to content myself with 
an investigation of empiric pressure gauges. I found by comparing 
different Tait gauges with a large Bourdon gauge that so long as pres- 
sure continually increased from zero, the relation between the indication 
of each under like conditions of pressure was linear; but that when 
pressure again decreased from the high value (1,00 ) atmospheres or 
more) to zero, this relation changed to a markedly curvilinear locus, of 
such a kind that eventually the original zero of both guages was re- 
gained. So long as increasing pressures alone were dealt with, either 
of these gauges could be used with safety. The present work, in which 
both gauges are directly compared with Amagat's manom^tre k pistons 
libres, corroborates this inference, and shows that thebow-shaped cycles^ 
represent the actual motion of the free end of the Bourdon tube. From 
thispoiut of view the present datea are important, for they supply an 
example of purely mechanical hysteresis, and possibly of metallic vol- 
ume lag. The data also show that cyclic indications are absent in the 
steel Tait gauge, and that this instrument may be adopted for the 
scientific measurement of pressures of any value whatever. 

60. Amagafs ^nanometer. — The instrument in my possession^ is con- 
structed for the measurement of pressures as high as 3,000 atmos- 
pheres. At this extreme limit the height of the compensating column 
of mercury (the diameters of the two pistons being '54:9^"^ and 12*171*^^'" 
respectively) will be about 464«"^ To read so long a column with reason- 
able convenience, I fixed a long, painter's ladder in a vertical position, 
and permanently attached to one side of it both the open manometer 
tube and the long millimetre scale, which I ruled with care on a wide 
strip of brass. A round leather belt, passing from top to bottom of t^io 
ladder and everywhere within easy reach, passed over a pulley adjust- 
ment, and was suitably connected with the mechanism for rotating the 
two "pistons libres." In this way I was able to make this essential ad- 
jastment inunediately before taking my reading, no matter what my 
position on the ladder might be. 

■Phil. Mag., 5th ser., vol. 30, 1800, ]>. 338. Ibid., pi. x. In tlio paper ciled I was of the opinion that 
tbcoydee were thermal phenomena to be Honj^bt for in tbe Tait gauge. 
*]Karked £). 1{. Auiagat, Lvon, 1890. 
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I foiiQcl by trial, that by using the thick miueral machine oil mentioned 
in my last paper ^, the manometer would be at once connected with my 
screw compressor, and that the charge of molasses was quite super- 
fluous. I also floated the lower piston in this oil. Thus the same oily 
liquid for the transmissiqn of pressure is used with advantage through- 
out tlie system of apparatus. Once put together, it is ready for u^ at 
all times and need not again be touched in years. Care of course must 
be taken to obtain oil free from grit or dust. 

61. The Bourdon gauge. — The gauge used was the one to which my 
earlier measurements apply, having a tube of steel. I made two series 
of comparisons of this gauge with the manometer. In the first of these 
the usual Bourdon multiplying gear was used 5 in the other the excur- 
sions of the free end of the Bourdon tube were read off directly with a 
Frauiihofer microscopic micrometer after the multiplying gear had been 
detached. Of many experiments of this kin d which I made I will give 
the following typical examples contained in Tables 31 and 32. In Table 
1 the Bourdon registry is given at once in atmospheres, the Amagat 
registry both in centimeters and in the atmospheres reduced therefix)m. 
There are four series of observations, two of them within an interval ot 
500 atmospheres and the other two within 1,000 atmospheres. Two 
observations are made at each step of pressure. In Table 32 the mi- 
crometer position of the end of the Bourdon gauge is given in cm./'40, 
this being the scale part of tlie Frauuhofer gauge. In other respects 
the data are given as in Table 31. Observations were made in triplets, 
two at the manometer including each one at the Bourdon gauge. 

Table 31. — Cyclic comparison of the Bourdon gauge {steel tube) with ik$ Amagai wciio- 

meter, — Multiplying gear. 



Kourdou. 


Amagat. 


Amagat. 


Bourdon. 


Amagat. 


Amagat. 


, Bourdon. 

1 


Amagat. 


Amagat. 


Attn. 


Cm. 


Atm. 


Atm. 


Cm. 


Atm. 


Aftn. 


Cm. 


Atm. 


188 


28-65 


185 


21 


2-50 


16 


465 


72-40 


468 


174 


26-80 


173 


242 


37-30 


241 


458 


70.80 


458 


322 


50.30 


325 ! 


231 


35-80 


232 


650 


101-00 


663 


312 


48.60 


314 


472 


73-30 


474 


645 


99-90 


647 


457 


70-90 


459 


457 


71-30 


461 


855 


133-00 


860 


446 


69-20 


448 


660 


102-00 


660 


838 


128-60 


832 


31G 


49-50 


314 


640 


99-30 


642 


985 


151-80 


982 


313 


48-10 


311 


a')9 


131-30 


849 


977 


148-30 


960 


162 


24-30 


157 


844 


128-80 


833 


964 


147-30 


954 


165 


24-50 


158 


991 


151-80 


982 


950 


144-80 


937 


27 


3-60 


23 


977 


148-80 


962 


840 


125.00 


809 








847 
837 


126-00 
124-20 


815 
804 


834 
681 


123-90 
00-80 


802 
567 


29 


3-70 


24 


172 


26-30 


170 


651 


93-60 


606 


626 


90-00 


582 


168 


25-50 


165 


646 


92-90 


601 


440 


50-60 


386 


317 


49-10 


318 


475 


65-10 


' 421 


440 


59-60 


386 


305 


47-30 


806 


475 


64-90 


420 


260 


33-30 


215 


462 


71-80 


464 


262 


84-50 


223 


264 


34-40 


222 


444 


69-10 


447 


263 


34-70 


225 


35 


8-30 


21 


433 


67-20 


435 


28 


2-50 


16 


35 


8-80 


25 


224 

225 

83 


33-90 
34-10 
12-10 


219 
221 

78 


28 


2-70 


17 








30 


2-90 


19 








84 


12-10 


78 


251 


38-60 


250 








20 


2-50 


16 


245 


37-50 


243 










■" 



*Pliil. Mag.,5th sor., vol. 31, 1891, p. 10. I have always found it preferable to use oily instead of 
aQueous liquids, by which fine parts of stetd arc liable to rust. ' 
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■Cyclic comparison of the Bourdon gauge (steel tube) with the Amagat manom' 

eter, Fraunhofer micrometer. 



Bourdon. 


Amagat. 


Amagat. 


' Bourdon. 


Amagat. 


Amagat. 


Om./40 


Cm. 


At7n. 


1 

<7m./40 


Cm. 


Atrn. 


19 09 


-00 





18-92 


-10 


1 


16 04 


35-30 


228 


15-83 


37-40 


242 


16-12 


35 10 


227 


15-87 


36-90 


239 


11-93 


80-80 


523 


11-91 


80-80 


523 


12-19 


80-10 


518 


12-20 


79-30 


513 


8-40 


119 -30 


772 


8-86 


112-80 


780 


8-58 


118 -30 


765 


9 18 


111-30 


720 


5-23 


149 -80 


969 


5-25 


149 '80 


969 


5-66 


147 -80 


956 


5-70 


147 -80 


956 


6-02 


141 -30 


914 


6 16 


144-50 


935 


6-12 


141 -30 


914 


6-33 


139 -30 


901 


7-94 


116 -30 


753 


8-20 


116-80 


756 


8-36 


116 -30 


753 


8-39 


114 HO 


739 


11-20 


82-70 


535 


11 08 


83-30 


539 


11-28 


82-60 


534 


11-08 


83-30 


539 


15-18 


38-80 


251 


14-80 


41-80 


270 


15 18 


39-20 


254 


14-80 


42-40 


274 


18-97 


•00 





19 06 


•00 






DISCUSSION OF RESULTS. 

62. Multiplying mechanism, — Constructing Table 31 graphically, it 
appears that within the errors of readinig the observations of the first 
two series lie on a straight line. In series 1 the '^on" and ^^off" meas- 
urements possibly suggest a cycle whose maximum divergence is not 

above 5 atmospheres. The factor of the Bourdon gauge (^S) taken 
from these data is -998 "on,'' and -987 '^off." In series 2 this factor 
lias changed to '984 "on," and '992 "off." There is no cyclic march. 
It follows from both series, barring observational errors, that a cyclic 
inarch within an interval of 500 atmospheres does not occur. 

The third series "on " shows a change of rate above 700 atmospheres; 
thus the locus is composed of two straight lines. The return march is 
now distinctly cyclic, and at 500 shows a breadth of almost 50 atmos- 
pheres. The zero is regained within 10 atmospheres. The mean factor 
is '991 below, and 1*008 above 700 atmospheres in the "on" march. 
The mean factor of the " off" march is of no interest. In the fourth series, 
finally, the remarks made relative to series 3 are substantiated through- 
out. The factor below 700 atmospheres is '982, and above 700 is 1'072. 
There is some error in this last result, probably due to unwarrantably 
vigorous tapping of the gauge. The width of the cycle at 500, about 
50 atmospheres. 

Hence, the inferences drawn in the earlier paper from a direct com- 
X)arison of the Bourdon and Tait gauges^ are valid throughout. It is 
gratifying to note that even the standard atmosphere formerly used is 
correct to -8 per cent. The present results, however, go further in show- 
ing that the cyclic march in question is in the Bourdon gauge, whereas 
the indications of the steel Tait gauge are probably very near the tnith.' 
Since I reversed the action of the Bourdon mechanism at different test 



' Pliil. Maji^.. 5th ser., vol. 30, 1890, pp. 343 et acq. ; ibid., § 18; the breadth of cycles here was about 40 
atmospheres. 
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readings it can not be supposed that these cycles are in the multiplying, 
gear. ISTevertheless this test is essential, and the results obtained are 
given in the next i)aragraph. 

63. Fraunhofer micrometer. — Care was taken to fix the axis of the 
screw parallel to the line of motion of the free end of the Bourdon 
gauge, which makes an angle of nearly 45° with the tangent at the 
end of the tube. TaJ:)le 32 shows the total motion to have been about 
4cra p^j. 1^000 atmospheres, where it is to be noted, however, that the 
solid tapering conoidal plug at the end of j}he flat tube was about 10<^"» 
long. Of the two series given in Table 32, the "on" march of the first 
shows some convexity upward. The factor is '362^™ per 1,000 atmos- 
pheres. The data of the "oft'" march show distinct convexity down- 
ward. Hence the two curves form a cycle whose breadth at 500 atmos- 
pheres is about 40 atmospheres, a result agreeing substantially with 
§ 62. The data of the second series, which show rather better agree- 
ment among themselves, corroborate the results of the first series 
throughout. The mean factor in the "on" march is •361*'°* per 1,000 
atmospheres — nearly identical with the above. 

The bow-shaped cycles, therefore, obtained in the present and earlier 
paper ^ represent a case of actual hysteresis. A certain amount of 
strain is stored up in the Bourdon tube during the interval of com- 
pression, which, during removal of pressure, is always relieved more 
slowly than pressure decreases. The phenomenon is thus static in 
character, and I venture to regard it as depending on the occurrence 
of volume lag in those parts of the tube which are directly influenced 
by pressure. In other words, the mole(;ules of metal near tlie inside of 
the Bourdon tube pass from the original to a second molecular state 
in proportion as a certain pressure F is approached and exceeded, 
whereas these molecules pass from the second molecular state back to 
the first again in proportion as pressure falls below a certain other 
datum ^, where P>i?. ISTow, inasmuch as Table 31 shows that within 
500 atmospheres there is no appreciable hysteresis, while both Tables 
31 and 32 show marked cyclic changes between and 1,000 atmos- 
pheres, it follows from the data in question that P must lie somewhere 
between 500 and 1,000 atmospheres, whereas p may lie below 300 at- 
mospheres. Here, therefore, is a phenomenon very similar to-the effect 
of pressure on an undercooled liquid. 

Two other possible explanations of the cyclic changes may be noted. 
In the first place, it is conceivable that the Bourdon tube is hotter dur- 
ing the "oft" march than during the "on" march. To test this 
directly it would be necessary to submerge the tube in a water bath, 
which is scarcely feasible without injuring the mechanism. But I 
hold such an explanation improbable. If it were true the comparison 
within 500 atmospheres (Table 1) should show a cyclic magnitude pro- 

iPhil. Mag., 5th 8©r., vol. 30, 1890, pp. 344 ©t seq. See PI. x. Cf. chap, i, § 16, above. 
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portioDttl to the cycle corresponding to the interval 1,000 atmosplierc», 
which it does not Again, the cycles should qmtei vanish on long \yait- 
Ing {five minates were allowed per observation in my earlier work), 
which they do not. • 

The other explanation, which seems to me equally iinprobahle, is this : 
There may be two figures of equilibrium of the Bourdon tube, one cor- 
responding to low pressure the other to high pressure, and the figure 
of labile eqnilibriam through which the tube passes from the first to 
the second may be maintained over a relatively large interval of pres- 
snre. 

In general, therefore, it follows that if the Bourdon gauge is to be 
used for high pressures, it is necessary to take cognizance of dis<M-ep- 
aiicies inherent in the chemical physics of the metal, in addition to tlie 
mathematical difficulties discussed by Lord Bayleigh, Profs. Greenhill 
and Worthington. 

61. The Tait gauge. — In Table 33 I give two series of cyclic compari. 
sons of the Tait gauge with the Amagat manometer. The plan of 
work was similar to that described in section 61. Beadings were made 
in triplets — two at the Amagat manometer, including one at the Tait 
gauge. An interval of two minutes was allowed for cooling. The Tait 
gauge used is the same to which my earlier observations apply.' Tlie 
interval of comparison is 1,500 atmospheres. At the end of Table 33 
a short r^snm^ of the factors (cm. atm.) corresponding to consecutive 
pressure intervals is given. 

Tablb S3,— OjoKo compa-TUom of Tait gauge (aleel tubt) vltk Iht Amagat mtmomHcr. 
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Factors of the Tail gauge. 



Series. 



I, on. 
I, on. 
I, on. 
I, off. 
I, off. 
I, off. 

II, on. 
II, on. 
II, on. 
n, off. 
II, off. 
II, off. 



• I 



Pressure in- 
terval. 


Factor. 


Attn. 


Cm. atm. 


200 to 1, 100 


•03580 


500 to 1,300 


3640 


800 to 1, 500 


3664 


800 to 1. 400 


•03595 


500 to 1,200 


3577 


300 to 1, 000 


355o 


200 to 1, 0(K) 


•03544 


500 to 1, 300 


3602 


700 to 1, 500 


3625 


800 to 1,400 


•03604 


500 to 1, 300 


3591 


200 to 1, 000 


3579 



Means on 
and off. 



Cm. /aim. 
("•03028 



Mean 
total. 






•03576 



i ' -035 



03590 
03591 



•03596 



66. Table 33 substantiates the inferences of section 62 relative to the 
absence of cycles in the registry of the Tait gauge. In the first series, 
"on,^ the data above 300 atmospheres make up a straight lime. Be- 
tween and 300 atmospheres the registration of the Tait gauge is too 
high, being more in error as the pressure zero is approached, where the 
discrepancy is 30 atmospheres. In the " off" march all the points lie on 
a straight line, excepting the zero, which is 10 atmospheres too high 
on the Tait gauge. Thus tlie locus consists of two straight lines con- 
verging at 1,500 atmospheres, and the cyclic character of the data in 
section 61 does not appear. In the second series, though preserving the 
general character of series 1, the "off" march practically returns in the 
line of the "on" march. Thus again true cyclic changes are absent. 

As a whole, therefore, the observations lie on a very flat curve, which 
above 300 atmospheres passes into a straight line. (See Fig 11.) It is 
difficult to conjecture the cause of this curious low-pressure discrepancy 
in consequence of the great number of errors wliich may possibly be 
encountered, though it may be remarked that the rise of temperature of 
aliquidperlOO atmospheres of compressionmay decrease with increasing 
pressure, since at low pressures compressibility is relatively large. 
Table 33 shows, finally, that the mean factor derived from all the series 
is .03596 cm./atm. This is to be increased about 4 per cent, to correct 
for the temperature of the mercury column of the manometer. Hence 
the factor is .0361 cm./atm. In my former paper the results^ were .0360 
to .0369 cm./atm., showing that my standard atmosphere must have been 
less than 2 per cent in error. It is altogether probable that this dif- 
ference of factor (2 per cent) is the result of the excessive use and abuse 
to which the gauge was jmt during the intervening nine months. Re- 
garding the observations as a whole I believe the residual discrepan- 
cies to be due rather to unavoidable fluctuations of the temi>erature of 
the water jacket than to thermal effects of compression, or viscosity of 
metal. For this reason I doubt whether any pennanent expansion of 
the metal within 1,500 atmospheres has been registered. • 



1 Phil. Mag. 5th sor., vol. 30, Table iv, p. 345. Tliis table contains cm./atm. instead of om.X l(^/atKU 
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66. — In the attempt to carry these comparisons above 2,000 
pheres, I ruptured the stout tube 
which connected the compresiior 
with the manometer. The above 
work, however, shows conchi- 
sively that the Tait gauge may 
be perfected so as to be available 
for precise measurement. It may 
be i)ermissible to indicate the 
way in which I am endeavoring 
to do this here; since many of 
the experimental contrivances 
involved have already been test- 
ed. The tables have shown that 
the most annoying difficulty is 
encountered in maintaining the 
temperature of the water jacket 
sufficiently constant. To this 
end the whole gauge is to be 
constructed of metal with close- 
fitting jackets. Furthermore, 
choice is to be made of as thin 
walled a steel measuring tube 
as possible, in order that the 
volume increase due to pressure, 
may be large relatively to the 
simultaneous effects of fluctua- 
tions of temperature. There is 
reason to believe that this can 
be accomplished by connecting 
the Tait gauge with the com- 
pressor by an interposed *' pis- 
ton libre.'' In the annexed dia- 
gram, Fig. 12, let B be the cy- 
lindrical piston, consisting of a 
single piece, of which one end" 
is larger in diameter than the 
other. Let this piston fit the hol- 
low cylinder C C C accurately, 
so as.to be capable of motion to 
and fro and of rotation, with the 
minimum of friction. Let the 
tube D be in connection with the 
compressor, the tube E in con- 
nection with the Tait gauge, and 
the whole apparatus be filled 
with oiL Then it is clear that 
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the exceptionally liigb iii-casui-e, acting only on the shoulder of the piston, 
can be counterbalanced by a relatively low pressure at B. Leaving the 
essential details of construction out of consideration, a Tait gauge 
reading to only 1000 atmospheres may thus be made to indicate pres- 
sure 2, 3, or more times as large as this at D, by selecting suitable 
dimensions of piston and socket. Hence even very high pressures can 
be measured by aid of a thin-walled steel tube, the pressure expan- 
sions of which are so lar^e that the accompanying thermal fluctuations 
of the environment dwindle to very small importance. I am far Irom 
underestimating the importance of Amagat's manometer as a standard 




PktoD libre," for iilgh preBsura. 



instrument leading at once to absolute results; but it is certainly in- 
convenient to be obliged to make readings on a columu of mercury 
which may be 5 meters high, even wlien a stirring arrangement such as 
that described in § 00 is provided. I doubt, moreover, whether it would 
conduce to convenience, and certainty if the readings were made by 
some easily devised eletjtrical method. On the other hand, in case of 
tlie Tait gauge, the pressures are read off on a horizontal tube about 
1 meter iu length and as tar as 2UO0 atmospheres without "pistons 
libres," and therefore quite without diminution of pressure in con- 
sequence of unavoidable leakage. Regarding gauges quite free from 
leakage, I hope soon to be able to comnuinicate results on the electrical 
behavior of pure mercury under pressure. 



CHAPTER IV. 

THE CONTINUITY OF SOLID AND LIQUID.* 

INTRODUCTORY. 

67. Scope of the work, — In my earlier papers^ I entered somewhat 
minutely into the volume thermodynamics of fluid matter. The be- 
havior of matter passing from liquid to solid and back again was only 
incidentally considered.^ This, however, is the very feature which gives 
character, or at least a more easily interpretable character, to the whole 
of the volume phenomena of the substance, and I have therefore re- 
served it for special research. 

The problem may be looked upon irom another point of view. Let 
it be required to find the relation of melting point and pressure. I 
have long since shown* that in a comprehensive attack of this question 
the crude optical or other methods hitherto used as criteria of fusion 
(criteria which have no inherent relation to the phenomenon to be 
observed) must be discarded. In their stead the volume changes which 
nearly always accompany change of physical state in a definite or 
simple substance are to be employed. 

The present experiments were made with naphthalene only. They 
are by no means even near the degree of precision of which the applied 
plan of research admits.' My chief object here has been to carry the 
method quite through to an issue preliminarily and to test it at every 
point. The data are sufficient, however, to show that the process 
adopted, though I approached it with much misgiving, can be brought 
under control throughout, and that the attainable accuracy is only 
limited by the patience, discernment, and skill of the observer. I was 
in some degree surj^rised therefore to find that my method led to new 
results at the outset. 

The literature of the subject I shall omit here, since the more im- 
portant experiments have entered the text-books and since I shall have 
occasion to refer to it elsewhere. I need merely mention Sir William 

iThe geological interpretation of this work is in the hands of Mr. Clarence King, by whom the 
inquiry was suggested. 

s Am. Jour. Sci., 3d ser., vol. 38, 1889, p. 407; ibid., vol. 39, 1890, p. 478; ibid., vol. 40, 1890, p. 219; 
ibid., vol. 41, 1891, p. 110; Phil. Mag., 5th ser., vol. 30, 1890, p. 338. 

« Am. Jour. Sci., 3d ser., vol. 38, 1889, p. 408; ibid., vol. 39, 1890, pp. 490, 491, 494. Most of my 
earlier work on this sabjoct has thus far remained unpublished. 

4 Am. Jour. Sci., loc. cit. More pointedly with an indication of methods in Pldl. Mag., 5th ser., vol. 31> 
1891, p. U. 
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TlioiDSon (1850), Biiuscn (1850), Hopkins (1854), Mousson (1858), 
Poynting (1881), Peddie (1884), Amagat (1887), Battelli (1887), and some 
others (cf. § 95, 96). 

68. Other methods tested, — In applying this principle I first marde 
direct volume observations on substances inclosed in capillary tubes 
of glass. In the case of naphthalene and many others I thus obtained 
satisfactory results ^ Such work is, however, limited to relatively low 
pressures (600 or 800 atmospheres); it does not admit of sufl&cient cor. 
rection for the volume changes of the glass, and for the small quantity 
of substance examined and the relatively frequent occurrence of nuclear 
condensation, volume lags are often obscured. Hence the definition 
which, after making these experiments, I was inclined to adopt^ viz, 
that a pressure which when acting isothermally for an infinite time will 
just solidify the liquid and just liquify the solid, stands to the given 
temperature in the relation of melting point and pressure, is not in 
accordance with the facts. 

In a second method^ I endeavored to measure the characteristic dif 
ference of specific volume by passing current through the thin, hot 
walls of the tube which contained both the substance and the mercury 
thread or index. The whole apparatus is in this case surrounded by 
the oil of the piezometer in whicii the tube is inserted, and the changes 
of resistance of the arrangement indicate the motion of the index and 
hence the degree of compression produced. Here, however, a new and 
unexpected annoyance was encountered, inasmuch as both the medium 
of oil and tUe glass possess seriously large pressure coefficients.' 
Moreover it is only with great difficulty that perfect insulation can be 
maintained in an apparatus of which w^ater jackets make up an essen- 
tial part. I therefore abandoned this project. 

In a third method similar to the preceding I expressed the motion 
of the mercury thread or index in terms of the resistance of a very fine 
platinum wire passing through the axis of the tube. The successive 
intercepts thus indicated the changes of volume to be observed. This 
method gave good indications of the pressure positions of the melting 
points of the sample. It failed, however, to give serviceable values for 
the fluid volume changes. This is due to the fact that contacts in such 
a case are essentially loose. Again thermo-currents can only with 
great difficulty, if at all, be allowed for, seeing that the successive 
isothermal temperatures are to vary over a large range. 

Finally aU of the methods above described must necessarily fetil after 
the substance has become solid, for in this case the thread or index is 
broken and forced into the interstices of the solidified materiaL Thus 
it is manifestly impossible to retain a uniform meniscus after solidifi- 
cation has once set in, and it is therefore impracticable both to arrive 

» Cf. American Journal of Science, vol. 38, 1889, p. 108. 
«Phil. Mag., 5tli eer.. vol. 31, 1893, p. U. 
*Ibid., pp. 18 to 24, et geq. 
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at the behavior of the solid, as well as to rigorously coordinate succes- 
sive series of experiments. 

69. Advantages of the present method. — Hence I endeavored to modify 
Kopp's^ specific volume flask in a way to make it available under any 
temperature or pressure. Here the readings are independent of the 
unbroken character of the meniscus immediately in contact with the 
solidifying substance, whereas on the other hand, as I shall presently 
show, the expansion' measurements can be made electrically^ with al- 
most any desirable degree of accuracy. Furthermore, by charging the 
flask with properly apportioned quantities of substance and of mercury, 
the error due to the compressibility of the glass may be eliminated in 
any degree whatever, and an apparatus obtained which is practically 
rigid in relation to pressure. The data show that from-each single series 
of experiments I thus obtain the isothermals and isopiestics, and there- 
fore also the isometrics, both for the liquid and for the solid; further- 
more the relation of melting point and of solidifying point to pressure, 
and finally the changes of the isotliermal specific volumes of solid and 
liquid at the melting points, with pressure. From these results the 
character of the fusion and the probable position of critical (§92) and 
transitional (§94) points can already be pretty well predicted. It is 
then only necessary to examine a great number of substances, of sub- 
stances existing under widely dilferent conditions of thermal state, in 
order to broaden the evidence and possibly to reach results of a uni- 
form bSaring on matter in general. This I indicated elsewhere.^ 

APPARATUS. 

70. Temj^erature. — Inasmuch as pressure varies at a mean rate of, say, 
30 atmospheres per degree, so that temperature is as it were the coarse 
adjustment and pressure the fine adjustment for the conditions of melt- 
ing point, it is clear that the method of experiment should be such that 
temperature may be kept rigorously constant while pressure is made 
to vary over the necessary interval. To obtain constant temperatures 
I constructed a set of vapor baths of well-brazed, thin sheet iron heavily 
jacketed with asbestos. Of. PI. iii, pppp. These were cylindrical in 
form, 10°*" in diameter and 20*^'° high. Axial tubultires, the upper of 
which, ssj projected outward, the lower, oooo^ both inward and outward, 
allowed the vertical tubular piezometer to pass axially through the va- 
por baths, and suitable stuffing boxes obviated all possibility of leak- 
age. Again the upward projection of the lower tubulure (both of them 
fit the piezometer snugly) formed an annular trough with the walls and 
bottom of the vapor bath, in wliich a sufficient quantity of the ebul- 
lition liquid could be placed and boiled by aid of a flat spiral burner 

» Kopp, Ann. Chem. u. Pharm., vol. 93, 1885, p. 129. 

* The absolute expanuion and cumpressibility of mercury beinj( now known § 73. 

s '* luBtead of tracing tlio isotliemialn of a single substance throughout enormous ranges of pressure, 
similarly comparable results may i)ossibly be obtained by examining different substances conceived 
to exist in widely different thermal states." (Am. Journ., loc. cit., p. 510.) 
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placed below. The top of the vapor bath was provided with two other 
lateral tubulures, one of which served for the permanent attachment of 
a vertical condenser and the other for the introduction of a suitable 
thermometer or thermocouple. Here also the quantity of ebullition 
liquid present could at any time be tested and its amount increased or 
diminished, or its quality directly purified by fractional distillation (an 
operation always necessary when amyl alcohol is used). With a good 
condenser the boiling may be kept up indefinitely, since the con- 
densed vapors fall back into the trough below. For temperatures 
below lOOo it is expedient to avali oneself of the high latent heat of 
water and to boil this liquid under diminished pressure. Temporarily 
attaching Eichards's jet pump to the end of the condenser, pressure 
may be so regulated that any boiling point between 50^ and lOO^ is 
maintained indefinitely. For higher temperatures amyl alcohol, tur- 
pentine, naphthalene, benzoic acid, diphenylamine, phenanthren, sul- 
phur, etc., subserve the same purposes, though less thoroughly. Low 
latent heats^ in most of these substances make it difficult to guarantee 
perfect thermal constancy throughout a length of say 10*'". (Of. §72, 
where a view of the apparatus is given.) 

Temperature was measured by aid of a Baudin thermometer of known 
errors and also computed from the vapor tension of steam under known 
. conditions. Thermolectric measurements are similarly applicable. 

71. Pressure. — To obtain pressures as high as 2,000 atmosphereg I used 
my screw compressor described elsewhere.* I made use, however, of a 
vertical piezometer, identical with the horizontal piezometer there de- 
scribed, except in so far as it could be removed from the barrel as a 
whole. As before, moreover, piezometer and barrel are insulated. 
Wheii in adjustment the piezometer was surrounded by the following 
parts enumerated from bottom to top (see PI. ni) : An insulated conical 
protector or guard preventing spilled water, etc., from reaching the insu- 
lation, the lower cold-water jacket, the flat burner, the vapor bath, and 
finally the upper cold-water jacket. For temperatures below 200^ the 
latter may be dispensed with. 

Internally the piezometer was filled with thick petroleum oil, as stated 
elsewhere.^ 

For pressure measurement I am now able to avail myself of a superb 
Amagat manom^tre k pistons libres, which can be immediately attached 
to my compressor with advantage. 

72. The volume tube. — A careful description of this apparatus, to- 
gether with the operations necessary in standardizing it, is essential 
here. In one case these preliminary operations have led to a result of 
an interest apart from the present special purposes. 

The tube is shown in the annexed diagram, Fig. 13, while PI. in 



lit is my object in farther experiments to boil water tender pressure. 
•Proc. Am. Acad., vol. 25, 1890, p. 93, Chapter i, above, 
ipbil. Mag., 5tli ser., vol. 31, 1891, p. 10, chapter iii, above. 
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shows tlie tube in plac« in the tubular piezometer. It couaiBtB of an 
external cylindrical envelope, A B, of glass, closed below, open 
above, about SO"" long and .4*" or .5°'" in diameter. Throughout 
the greater part of its length, the tube A £ is divided into two coaxial 
cyliudric compartments, by a central glass partition tube, Clc G, open at 
both ends and fused to the tube -d-B along the ring C C about 1™ below 
the open top A. This central tube Ck C is about IT"" long and 
.IS""" internal diameter, ^nd drawn as tliinwalled and as 
even in caliber as possible, so that the greater ptat of 
its lower length may be available for measurement. It 
extends nearly to the bottom of A B, 

The substance to be examined is introduced into the 
annular space E E, care being taken that when fused 
under the highest temperature to be applied its lower 
boundary may be 4"° or more above the end i of Ck C. 
My fused samples were about 13"" long. Immediately in 
contact with the substance EE and extending upward 
into the central tube Ck C is the plug of mercury ^ F with 
its free meniscus at g. When EE is solid g must be, say, 
2""° above the end k of Ck G, and when E E is liquid at 
thcTiighest temperature to be applied g must still be at 
about an equal distance below C G. The remainder of 
the tube above g is quite filled with a concentrated solu- 
tion of zinc sulphate Gkg, into which an amalgamated 
zinc terminal, B, has been submerged andfixed in position 
by aid of platinum wire a, fused to the sides of the tube 
AB,as shown. The other terminal, b, is fused into the 
bottom of the tube A and in metallic connection with the 
mercury, ^j^, therein contained. 

The tube thus ai^justed is completely submerged in the 
oil contained within the tubular piezometer, PI. iii, and 
pressure is uniformly transmitted to it through the oil. 
The terminal a is put into metallic connection with the 
insulated piezometerj the terminal 6, completely insu- 
lated therefrom by a coating of glass tube, is in metallic 
connection with the barrel; the tube A B itself is thus ^m 
held in position by tensely stretching the fixed wires a 
and 6 and so adjusting their lengths that the parts EE 
and hg, with reference to which the measurements are '^theroTnme^o^*" 
made, may lie wholly within the vapor reservoir of the cylindrical vapor 
bath surrounding the piezometer. The method of fastening the ends a 
and 6 is a somewhat delicate operation, which, however, I will not farther 
describe. So adjusted the tube is in position (vertical as shown in 
PI. ni) for any number of experiments and it is only necessary to at- 
tach the vertical piezometer to the barrel by aid of a tinned axially per- 
forated screw. 
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All inspection of the diagram shows at once that if a current enter 
the out8i<le of the barrel it will pass through hj Jc^ g^ /*, Z>, and a into 
the outside of the piezometer and thence back to the battery. The 
only relatively significant resistance encountered in this course need 
be that between g and h of the thread of zinc-sulphate solution; but this 
resistance, cseteris paribus, varies directly with the length of ^/«, and 
therefore proportionally to the volume contraction of the substance E E, 
Hence the volume variations of the substance ^o be studied are directly 
and rigorously measurable in terms of the resistance of the circuit. 
If Kohlrausch's method^ of intermittent currents, bridge, and telephone 
be used for the resistance measurement of the electrolyte, solidification 
or fusion breaks upon the ear with a loud roar, whereas the ordinary 
volume changes (solid or liquid) are indicated by mere intensification of 
sound, sufticiently pronounced to subserve the purposes of measurement. 

It is seen that any breakage of the surface of separation between E E 
and F Fis entirely without influence on this result, and that, even in 
the case of the solidification of E Ej when mercury is forced into the 
interstices left after contraction, the compressibility ofEE will still 
be measurable. 

The charging of the tube, fiee from air, is an operation which I have 
not thus far accomx)lished satisfactorily. If a volatile substance !ike 
naphthalene be filled into E E and fused in vacuo, the vai)or subse- 
quently condensing in gh will soil the tube and interfere with measure- 
ment. From the solid E E 1 doubt whether air can be quite eliminated 
in vacuo. Hence in the present work the substance was not air-free, 
a condition of things to which I gave less attention because I do not 
believe the melting points can be appreciably influenced by dissolved 
air, nor that other of the measurements made are seriously distorted 
by this error. In the future, however, I will endeavor to meet this 
difficulty by fusing the end A A of the tube A B inverted to the top 
of a barometer tube, in addition to a lateral tubulure leading to a 
Sprengel pump. If now, after exhaustion, the lower meniscus of the 
barometric column is adjustable, so that the column as a whole may be 
raised quite into the tube A B or withdrawn from it at pleasure, it is 
probable that a thorough vacuum filling may be effected. Rubber con- 
nections, which corrode and blacken warm mercury, must be scrupu- 
lously avoided. 

If the whole apparatus be charged with pure mercury in the place 
of the substance E E^ the expansion and compression constants of the 
tube may be found as stated in the next i)aragraph. 

Again, even if the measuring thread in gh should break into parts 
alternating with threads of zinc sulphate (a possibility when the 
thread is worked up and down many hundred times, particularly in 
view of the suddenness of solidification), the constants of reduction are 
not thereby necessarily vitiated, always supposing that the number of 

iKohlrausch: Wied. Anu., vol. ii, 1880, p. 653; Long: ibid., 1880, p. 87. 
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such breaks is not greater than one or two. Special care, however, must 
be taken to avoid contact of the mercury thread and the upper zinc termi- 
nal. Such an occurrence would either add to or deduct from the length 
of the thread and produce shifting in the coordination of the volume 
measurements. The formation of zinc amalgam after the long contin- 
ued passage of intermittent currents orthe possible electric solution 
of mercury is again to be kept in view, as is also the probable change 
of compressibility of amalgamated mercury. On all these points I shall 
make special tests. Solution of mercury, however, can not become of 
serious consequence, since the column gh is continually washed by the 
zinc terminal D. 

To give a succinct view of the method of work I will insert PI. ill, 
which shows the volume tube rr in place in the tubular piezometer 
nuHu. The upper terminal rw is in contact with the screw plug i?, 
where w is fastened. The lower terminal rxx is completely insulated 
from uu by a glass tube (not shown) and metallically fastened to the 
perforated connecting screw a, by which the piezometer is attached to 
the barrel (not shown) of the compressor. The insulation of mi from 
bh and a has been described in section 12 above, cc being of steel, dd 
and kk of hard rubber, the whole being made tight by a medium of 
marine glue and secured by the steel gland ee. The hard-rubber disc 
zz^ prevents the external terminal ggg of the piezometer from coming 
in contact with the metallic parts below and the barrel, while a conical 
screen or umbrella of sheet iron, ffff^ additionally protects the lower 
insulation from water or liquid drippings from above. Note that //"is 
insulated from nnhy^ rubber cork, hh. The vapor bath,2>i>i>i>, placed as 
shown, is heated by the plate burner rr, adjustable at pleasure, and an 
asbestos jacket, i/?e, keeps superfluous heat away from the tube uu. The 
axial tube oooo of the vapor bath is sealed below by a piece of rubber 
hose, ?MW, or by a metallic stuffing box, care having been taken to make 
0000 fit the piezometer tube closely and thus take as little liquid out of 
the annular ebullition trough already described as possible. The con- 
denser qq is connected above with an air pump (not shown). Finally 
water jackets tt and ZZ, through which a current continually circulates, 
confine the heat to the central parts of the piezometer tube uuuu. 

METHOD OF MEASUREMENT. 

73. Constants of the tube. — In order that the present measiuements 
may be carried out absolutely it is necessary to know — 

(1) The volume of the charge at a fiducial temperature and pressure. 

(2) The volume of the plug of mercury under the same conditions. 

(3) The volume of the central or measuring tube kh per centimeter of 
length. 

(4) The resistance of the thread of zinc sulphate solution ])er centi- 
meter of length under all the stated conditions of temperature and 
pressure. From 3 and 4 there follows at once — 
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(5) The resistance of the thread of zinc snlpliate per unit of volume 
under stated conditions of temperature and pressure. Thus it is nec- 
essary to investigate preliminarily — 

(6) The isopiestic relation of resistance and temperature of the given 
concentrated solution of zinc sulphate and 

(7) The isothermal relation of resistance and pressure of the same 
solution. In other words, it is necessary to know what may be called 
the isoelectrics relative to temperature and pressure of the measuring 
electrolyte. Furthermore, it is necessary to find or to know — 

(8) The compressibility of glass in its relations to pressure and tem- 
perature, and 

(9) The compressibility of mercury under the same conditions, and, 
finally, 

(10) The thermal expansion of glass and 

(11) The thermal expansion of mercury under the given conditions of 
pressure. 

The measurements 8 to 11 1 did not make directly; they are of smaller 
importance, seeing that the substances on which I operate are all char- 
acterized by relatively large volume change. Such measurements are, 
however, easily feasible, since both the expansion constants and the 
compression constants of pure mercury (thanks to the recent labors of 
Amagat, Tait, and Guillaume) are now thoroughly known, and it is also 
known that the thermal changes of the elastics of glass are of no rela- 
tive consequence (Amagat), even as far as 200°. I assumed the com- 
pressibility of my glass! to be -0000022, that of mercury^ being -0000039 ; 
moreover, the coeiiicient of expansion of glass^ to be -000025, that of 
mercury* being -000182 between 60o and 130o. 

74. Volume of the charge, — Clearly the fiducial conditions to which 
volume is to be referred are given by the (normal) melting point un- 
der atmospheric pressure. By weighing the tube before and after charg- 
ing I found the mass of naphthalene inclosed to have been -763 gramme. 
In a special and duplicate set of pycnometer experiments I furthermore 
found the density of naphthalene, fused at 82^, to have been -724, 
Hence the volume of the charge at 82° is •552*^°'^, which I accepted as 
identical with the volume at the melting point (80^). 

75. Corrections for expansion and compressibility of envelopes. — ^The 
plu^ of mercury weighed 7-74 grammes. Its volume is therefore •571*'"»^ 
at 20^, and its mean volume between 60° and 130°, being between -575 
and -582, is sufficiently near •58<'"*\ 

Thus the volume of the glass tube containing both the charge of 
naphthalene and mercury was 1-13«"*3. Its expansion per degree centi- 
grade -000028^*"^, while the expansion of the actually inclosed mercury 
per degree centigrade was -OOOlOo^*"^, where the apparent expansion 

1 £. II. Amagat: Ann. ch. et phys., 1891, p. 125. 
2 Ibid., p. 137. 

SLandolt u. Boemstein's Tables, 1883, p. 69. 
♦Ibid., p. 37. 
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•000077*^"^ per degree. Therefore if, in place of the fiducial volume 
•552«™3 found in §74, the following volumes be substituted, viz, 

60° •SSeS'^"'^ 100° •5535«=™3 
80O -5550 120O -5519 
9(P -5542 130° -5311 

the tube niay be treated as free from thermal expansion. Here at 80^ 
.5550 appears, instead of .5524, to correct for the fiducial volume of the 
stem Ic h (Fig. 13), as will presently be explained. (§ 83.) 

Again, the compression of the 143<'°*^ of glass and •58''™^ of mercury 
will be 

100 atm. : glass, -00025 <^°»3; mercury, -00023 ^ms. difference, •00002^^3 

500 124 113 11 

1000 249 226 23 

1500 373 339 34 

2000 497 452 45 

Thus these corrections, which would individually be appreciable (affect- 
ing the increments say 3 per cent), are differentially negligible (0.3 per 
cent), where they fall below the electrical pressure coefficient of the zinc 
sulphate solution. (§ 80.) This has already been intimated above (§ 69), 
and is one of the interesting, advantages of the volume tube Fig. 13. 

76. Resistance measurement. — In making the measurements of resist- 
ance ot thread it is convenient to use Kohlrausch's interrupter, bridge, 
and telephone. To facilitate audition I joined the cup of the telephone 
to a graphophone tube and listened with both ears. The resistances, 
however, are rather higher than contemplated in Kohlrausch's method, 
when an ordinary Bell telephone is used. Hence the measurements, 
particularly near and in the solid state, are far below the limit of 
attainable accuracy. I shall in future measurements wind telephones 
specially adapted for my purposes, and endeavor to use both ends of 
the magnet to actuate diaphragms connected respectively with each 
ear by an independent tube. 

When zinc sulphate is inclosed between terminals of amalgamated 
zinc a galvanometer is available. In this way I made most of the 
calibration measurements. Supposing the mercury index to be slightly 
deadened in its electro-negative qualities by zinc, it may also be used in 
case of the tube. 

77. Oalibration, — In view of the fact that the central tube h 1c (Fig. 13) 
is insufficiently uniform in caliber, it is necessary to express volume as 
a function of length. This I did by weighing threads of mercury whose 
length in successive parts of the tube had to be measured, obtaining 
the results of the first two columns of Table 34. The fiducial zeto is 
here arbitrarily placed 2*'"* below the ring C C (Fig. 13), the caliber 
above this being too variable. 

It is next necessary to express the resistance of a filament of the 
concentrated solution of zinc sulphate as a function of length referred 
to the same fiducial zero at some convenient (atmospheric) temperatui*e. 
To (Jo this I drew a zinc wire to a diameter slightly less than the caliber 
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of the tube to be calibrated. Opening the bottom of the tube A B (Fig. 
13) and closing the top, so as to hold the terminal B firmly in position, 
I inverted the tube and quite filled it with the solution. The tube was 
then placed in a water bath with the terminal a insulated, and the ter- 
minal h replaced by the zinc wire referred to, and so adjusted that I 
could slide it up and down the central tube and fix it in any position. 
Measuring the distance between the ring C C (in this case, the neck was 
quite filled by the fitting terminal) and the free end of the mre with 
Grunow's cathetometer, and measuring at the same time the resistance 
corresponding to this length by means of Kohlrausch's Wheatstone 
bridge (§76), I obtained the data necessary for constructing resistance 
as a fimction of length for the temperature of the bath. In this way 
the second and third columns of Table 34 were investigated. 

Combining the results of these four (columns by graphic interpola- 
tion, I obtained the data of the fifth and sixth columns, in which vol- 
ume is expressed in terms of resistance at 17-8o with regard to the 
fiducial mark in question. 

Table 34. — Volumes per unit of length. Calibration resistance per unit of length, 

0=17 'S^. Volume per vnit of resistance, 0=17*8^. 



Length. 



Volume. 



Cm. 
3-00 
11-15 



4-45 

9-79 

15-42 



•0491 
•1609 



•0715 
•1430 
•2145 



Leugtii. Resistance. 



Cm. 

2 
4 

7 
12 -06 



•06 
•13 
•75 
■96 



Ohms. 

2720 

5780 

10190 

16200 

^340 



3-30 

7-20 

11-40 

15 60 



•0538 I 

•1076 I 

•1614 ' 

•2152 ; 



138 
3 43 
6-18 
9 •00 
11 49 



2 75 

0-10 

9 05 

13-40 



-0470 
-0940 
•1410 
•1880 



•11 

•78 



4630 

7920 

12790 

18220 

23140 



2930 
7050 



Air bubble error. 



Kesistanoe. 


Volume. 


e=n •8°. 


e=17-8o. 


Ohms. 


Cm*. 


2800 


•0000 


5530 


•0350 


8850 


•0640 


12530 


•0920 


10270 


•1190 


20250 


•1450 


24250 


•1705 


28500 


•1960 



78. JElectrolytie resistance and temperature. — It is next necessary to 
express the variation of the resistance of the concentrated zinc sul- 
phate solution with temperature. This is a general problem apart 
from the apparatus used. II^Tevertheless I made two sets of measure- 
ments, in the first of which I measured the resistance of the thread 
khj Fig. 13, between fixed terminals of zinc, when the whole was kept at 
successive constant temperatures and under pressure sufficient to keep 
the thread liquid and to thoroughly condense all polarization gases. 
The first four columns of Table 35 contains these results, all easily in- 
telligible except the last column perhaps, where under B/Rm the rela- 
tive resistance referred to the resistance at 100° C. is inserted. At 
lOQo the pressures were varied to measure the pressure coefficients dis- 
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cussed ill tlie next paragraph. In the aeucrud and third parts of the 
table the above tube was replaced by a plain straight tube. Resist- 
ances are much smsUIer here, but the colamu R/Bim makes both series 
comparable. i 



Tabij: 3 

[iriret eeries. Lengtb of thread 10 



icentrated sine gnlpkaie 
8.1™ from fiducial mark. Diameter of tube .IS*.] 



Temj^ora 


p™..™ 


RcBiat- 

OhVK). 


RyltM 


'"=- 


p„..„ 


BtHlHt- 

1222 

ma 


K.'Ii,^ 


Atm. 
100 


:s 


=o 


1 


■m 

■908 

'UB2 
■BHO 




i 


ovsu 

«0«1 


ISffi. 
l-Wo 


lOO-O 

lou-u 


179 
4611 

m 


1470 
4330 
43HII 


'8B5 


If 


149 


11158 
AM 


■840 
■787 


ITb 


^d atuiea 


,™,.. 


e.] 


ma 


ii 


3730 


■^ 


ia-4 


147 


S(]20 


S 


It 


m 


27140 


B'lOO 


IBBcona 


aerlee. Plain stralgbt tube, 
aiameter .»~. 


it 


ma 


S 


a-B52 


fl-7 


MM 

4Ba 


7130 


! 


fl6 
M9 


Bl'3 


170 


E 


1-520 






85-8 


Im 


1S59 


I'OOl 






«-T 


MB 


S 


iMJ 


looa 








BBB 


IBl 1 1337 


.990 



If the values fi/Bioo be constructed graphically, as a fimctioQ of 
temperature for nearly the same pressures, the results of all the serieB 
in Table 35 are found to be in good accord. Moreover the results for 
the large interval 6° to ISO" lie on a locus which in form closely re- 
sembles an hyperbola.' From this point of view these data are remark- 
ably interesting, for if this be true then a suitable inversion of the 
locus indicates that the electiic conductivity of the electrolyte varies 
linearly with temperature. Such a result would not only possesA 
theoretic interest, but would make measurements of tlie kind necessary 
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in the present paper feasible with a high degree of certainty. I mast 
withhold my opinion for the present, however, until I can trace the 
above locus as far as 300o, and the interpolations of this pai)er were 
made empiiically. 

. 79. Volume in terms of resistance. — With the data of §§ 77 and 78 in 
hand it is now possible to express the volume of the capillary tube hk^ 
Fig. 31, in terms of the resistance of the t]jread of electrolyte' observed 
at any temperature. This is done in the next table, 36, where the tem- 
peratures, 6f , are those occurring in the tables of isothermals below. 

Table 36. — delation of volume and resistance at different temperatures. 









Kcsistanco. 






Voliimft. 
















0=635». 


0=83«. 


e^OO". 


0=1OO«. 


0=.117«». 


tf=130». 


Om*. 


Ohms. 


Ohms. 


Ohms. 


Ohms. 


Ohms. 


Ohms. 


•0000 


1064 


818 


776 


722 


636 


608 


•0350 


2101 


1615 


]532 


1427 


1255 


1200 


•0640 


3363 


2584 


2451 


2283 


2009 


1920 


•0920 


4761 


3659 


3171 


3233 


2844 


2719 


•1190 


0183 


4751 


4507 


4198 


3693 


3531 


•1450 


7695 


5913 


5609 


5224 


4597 


4394 


•1705 


9215 


7081 


6717 


6256 


55U5 


5262 


•1960 


10830 


8322 


7895 


7353 


6470 


6185 



'80. Pressure coefficient of the electrolyte. — The divers results of Table 
35 for variable pressure and constant temperature are summarized in 
the small Table 37; Uere 6 denotes the temperature and 1c the pressure 
coefl&cient, which is negative in sign, sho^nng that pressure decreases 
the resistance of zinc sulphate. The braces show the manner in which 
the means were taken, where Jc=:d E/Bq dp. Bis the symbol of resist- 
ance, p of pressure, and Eq holds at 0® 0. 

Table 37. — Pressure coefficients. 



0. 


Pressure. 


k X 10^ 

) -43 

S -35 


1 
0. Pressure. 

1 


JfeXlO*. 


7" 


119> 
479S 
868 


100- 


137) 
474> 
1007^ 
1475 


> -43 
S -35 


lOOo 


157? 
482 s 
996 


> -64 
S -49 


1 1 


Mean k— - -000045 



This table shows that the pressure coefficient is independent of tem- 
l)erature, and that it decreases somewhat with pressure. The results, 
however, are not (juite consistent, and a graphic construction of the 
detailed results of Table 35 shows a difference of mjirch in the pressure 
'^on" and the pressure ^^off '' movements. I have yet to learn whether 
this be due to insuificient fixed terminals or to polarization, as well as 
to find conditions under which the pressure coefficient may be a mini- 
inniii. As the results stand the mean value A: = — 45/10^ is probably 
within 20 per cent of the truth, and hence in the extreme case of 2,000 
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atmospheres the uncertainty of the pressure coefficient will not affect 
the volume increments more than 2 per cent. 

I may add in passing that the value, investigated in an earlier paper,^ 
between and 150 atmospheres was found to be A; =•- 50/10^, agreeing 
pretty well with Table 37, and I there called attention to the strikingly 
close proximity of this datum to the corresponding coefficient for mer- 
cury, - 30/10.2 

The pressure coefficient is of considerable interest, inasmuch as it 
indicates a certain relation between elasticity and the chemical equi- 
librium of the solid or liquid operated on.^ Specially for zinc sulphate 
compression, which might be regarded as having a concentrative effect 
On the solution between the termin als, increases the conductivity, whereas 
the conductivity of a nearly concentrated solution (density > 1.29) not 
under i)ressure decreases on further concectration. 

The admixture of polarization with the pressure coefficient points out 
the nature of its instability. 

RESULTS OF THE MEASUREMENTS. 

81. Arrangement of the tables. — The following Tables 38 to 43, in which 
the isothermals of naphthalene are fully given, are constructed on the 
same plan throughout. The first column contains the time in minutes 
at which the observation was made, the first date being arbitiary. The 
(uncorrected) resistance as actually found at the pressure given is 
shown under B in ohms. The factor Icp is the correction for pressure 
coefficient to be added i)er unit of Ej after which this datum can be 
graphically expressed as a volume increment, referred as yet to an 
arbitrary fiducial zero in the way indicated in §§ 79, 80. To deduce 
from this the corresponding actual volume (last column of the tables) 
the initial volume values of § 75 are available, relative to which further 
explanation will be given in § 83. Two data are given for each step of 
pressure, the. second of which, obtained after long waiting, is more 
nearly isothermal than the first. The difference is not of seriously 
larg^ magnitude. In most cases, after the volume has become solid, 
a small amount of additional volume decrement takes place viscously, 
or in consequence of gradual decrease of temperature immediately after 
solidification. 

The experiments were made on different days and altogether ex- 
tended over more than a week. This is somewhat too long a time to 
employ the tube without special readjustment, and some shifting of 
coordinates may thus have occurred (§§ 91, 92). 

Parentheses occur in the following tables, to show that for the data 
inclosed the measurement was made along a part of the jneasuring 
tube hJc (Fig. 13), whose caliber is not adequately uniform. Without 



^American Jour., vol. 40, 1890, p. 219. This paper was published some two years after the work was 
done. 
*Banis : Phil. Hag. (5th ser.), voL 31, 1891, p. 24 et seq. 
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kuowiiig the full expansions at the higher temperatures and low pres- 
sures, it is, a priori, impossible so to IBll the tube that all measurements 
fall within the calibrated parts and all other calibration conditions are 
complied with, (f^ 75 et seq.) These approximations, however, refer 
only to the liquid state, and are therefore of smaller consecjuence in 
this paper. (§ 67).) 

1 may add finally that the melting point of naphthalene in air is 80^, 
its solidifying point below this; the density of the solid 144, and the 
density of the liquid at 82^, '724. (§ 74.) Hence naphthalene, if melted 
in water, sinks or swims, according as its temperature is suflBciently 
below or above 80°. 

82. Solid isothermaly 63^, — Since the naphthalene melts at 80^, the 
isothermal at 63^ refers to the solid state. There must clearly be 
much greater uncertainty in operating on a substance when solid than 
when liquid. Indeed it is rather remarkable that the solid isothermals 
are approachable at all. The liquid solidifies to a fissured or honey- 
combed structure, and it is therefore essential that the mercury should 
completely fill these interstices before the true compressilbility of the 
substance can be indicated. Similarly the error due to the compres- 
sibility of the envelopes now becomes of much greater importance. 
It is thus solely by comparing these data with similar solid isothermals 
obtained at much higher temperatures and pressures that their validity 
may be inferred (§ 72). . • 

Table 38. — IsothermaU of (solid) naphthaletw at 6 = 63'5°, refeired to '55^^^ at the 

normal meltittg point. 



Time. 


Pressure. 


B. 


*pX103. 


Volume. 


Time. 


Pressure. 


B. 


*pXlO». 


Volume. 


m. 


Aim. 


Ohnut. 




cm.» 


m. 


Atm. 


Ohms. 




C7»l.' 


16 


70 


7600 


3 


•4127 


38 


859 


8240 


39 


•3965 


19 


68 


7430 


3 


•4156 


40 


850 


8120 


38 


•3988 


20 


289 


7760 


13 


•4085 


42 


972 


8310 


44 


•3945 


2;j 


281 


7630 


13 


•4109 


44 


966 


8310 


44 


•3945 


25 


491 


8160 


22 


•4003 


46 


565 


7600 


25 


•4(197 


29 


481- 


8010 


22 


•4027 


49 


565 


7600 


25 


•4097 


a4 


675 


8050 


30 


•4010 


51 


100 


7270 


4 


•4183 


37 


662 


7880 


30 


•4039 


67 


65 


7340 


3 


•41173 



With regard to this series it is curious to note that the recoil of vol- 
ume (pressure decreasing) is more rapid than the compression. Tlie- 
reverse of this would have been anticipated, supposing that mercury 
lodged in the interstices after compression. Finally I may state that 
telephonic resistance measurement, when the values are so high, is not 
unaccompanied by inappreciable errors. (§ 76.) 

83. Liquid-solid isothermal^ 83^, — Table 39 contains three independent 
series of measurements, the last of which is fragmentary and the sec- 
ond obtaiiied after the experience of the first, probably the best. The 
solidifying point is here very gradually approached and the locus shows 
an initial step of James Thomson's double inflections. 

It is fiLom these isothermals that I obtained the fiducial zero of the 



BARUS.l 



TROTHERMALS AT 83° AND 90°. 



85 



measuring tube hh, Fig. L'5. For if R be coiistvuct^»(l as ii fmictiou of 
pressure it will be found that, iiressure zero lies at •0024^'"^ of volume 
decrement. Hence the value of § 74 (•5524' "''^) increased by tliis correc- 
tion is the fiducial vohime (•555*"''*) here to be used and from this the 
others are derived as already exi)lained. (§ 75.) 

Tabijc 39. — IsothermaU of naphthahne at 0:=SS^, referred to •JJ*^™^ at the normal melt-^ 

in (J point. 



Time. 


Pressure. 


JfcpXlOa. 


R. 


Volume, i 


Time. 

1 

1 

9/1. 


Pressure. 


*pXlO». 


R. 


Volume. 


m. 


Atm. 


Ohms. 


cm^. 


Atm. 


Olnnn. 


cm^. 


-14 


47 


2 


938 


•5490 


22 


175 


8 


•5493 


•4183 


-10 


45 


2 


938 


•5490 


23 


179 


8 


.''>493 


•41*3 


.- 7 


164 


7 


1114 


•5404 30 


116 


5 


■5061 


•4285 


- 2 


157 


7 


1100 


•5410 36 


120 


5 


5173 


•4260 





259 


12 


1247 


•5340 ' 38 


81 


4 


4263 


•4474 


+ 7 


243 


11 


4406 


•44:i2 i 


43 


86 


4 


4000 


" -4540 


10 


239 


11 


5067 


•4141 


49 


86 


4 


3762 


•4599 


- 16 


238 


11 


5667 


•4142 


51 


33 


1 


2448 


•4949 


18 


358 


16 


5800 


•4105 


51 


36 


2 


923 


•5498 


20 


355 


16 


5800 


•4105 : 

i 


60 


37 


2 


910 


•5505 










SECOND 


SERIES 


^. 




( 




36 


39 


2 


923 


•5493 


79 


129 


6 


5250 


•4241 


39 


226 


10 


1183 


•5371 


81 


89 


4 


4747 


•4358 


44 


221 


10 


n.-)8 


•5382 


87 


93 


4 


4348 


•4453 


46 


250 


11 


1223 


•5355 


94 


93 


4 


4348 


•4463 


51 


244 


11 


1198 


•5305 


90 


70 


3 


3651 


•4630 


53 


267 


12 


1232 


•5.348 


97 


70 


3 


3256 


•4732 


59 


265 


12 


1227 


•5351 


104 


74 


3 


2031 


•5062 


60 


303 


13 


1288 


•5.322 '! 115 


76 


3 


10-.5 


•5172 


63 


322 


14 


1326 


•5306 ' 12;) 


75 


3 


14H0 


•5250 


64 


317 


14 


5667 


•4138 122 


49 


2 


9-20 


•5500 


73 


299 


13 


5712 


•4128 


127 


52 


2 


905 


•5508 


75 


127 


6 


6250 


•4-241 




















THIKD SERIES 


. 








9 


38 


2 


910 


•5.504 


21 


131 


6 


1024 


■•5447 


11 


135 


6 


1032 


•.5444* , 23 

,1 


345 


15 


5450 


•4184 



84. Liquid-solid isothermal at 9(P. — Two independent series of residts 
are given in Table 40. In consequence of slight variation of the arti- 
ficial atmosphere, the temi)erature of the hrst is somewhat below that of 
the second. Thus in series i there is some lack of coincidence in the 
liquid "ou" and ^'off" march, whereas the two are identical in seri(»s ii. 



Table 40. — IsothermaU of naphthalene at B=9(Pj referred to •55'^"*'^ at the normal melt- 

in(j point. 



Time. 


Pressure. 


*•/>•- 10\ 


R. 


1 
Volume. 1 


Time. 


Pressure. 
A Un. 


*J>X10'. 


R. 
Ohms. 


Volume. 


m. 


Atm. 


Ohms. 


-10 


83 


4 


845 


•.5,->02 , 


• 33 


346 


16 


5055 


•4-205 


-% 


83 


4 


812 


•5.504 . 


34 


287 


13 


4435 


•4357 


—6 


257 


12 


1049 


•5:^92 ! 


36 


273 




4051 


•4455 


-2 


238 


11 


1016 


•5410 1 


41 


277 


13 


3514 


'-:.597 





434 


19 


1247 


•5296 


47 


274 


12 


2969 


•4736 


•f5 


425 


19 


1217 


•5309 


51 


-275 


12 


2677 


•4831 


7 


549 


25 


5250 


•4147 , 


59 


272 


12 


1950 


-.5042 


20 


527 


24 


53-29 


•4130 


62 


190 


8 


923 


•5457 


22 


445 


20 


.5211 


•4163 


67 


192 


8 


923 


•5457 


27 


446 


20 


5173 


•4172 


70 


68 


3 


790 


•5532 


28 


375 


17 


5100 


•4193 
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•"•" at the normal mell- , 
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Time. 


rr».ur.. 


ij,>^iO'. 


J>. 


V„,.n.e. 


Ti-ue. 


I^Bure 


IpXltP. 


Jt. 


TolomB. 




Atm 






C.fl> 


m 


Jim 






em' 










































































































































































































57 


iU 






-il3fl 


, 











86. Liquid-solid isothermals at 100°. — Table 41 contains four independ- 
ent series of results, togetliec witli some preliminary nieasnrements. 
Tliese are my earliest result with the above tube and are therefore in 
greater number, Tlie liquid IsotliernDils nliould be identical in the 
"on" and "off marches. This is, as a rule, very nearly the case, the 
preliminary series and "on" march of the first alone lyiny below the 
others. In the latter the telephone uHeil vraw more sensitive than in the 
ormer. 

 Taiii.I! H.—laotbermaU of iiaphlhateiie al & = 100^,iyeryed to ■SS""" at the tiermal melt- 
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86. lAqiiid solid isothermah at 117°. — ^Table 42 containB a series of 
resnltB. The vapor bath in tliia case wiis liDod witli amyl alcohol, from 
which the water was not extracted. Hence tlie peculiarly brolcen 
isothermal obtained is in correRpondeiice with the known inconstancy 
of temperature along the vertical. Tliis feature is, however, of con- 
siderable interest, and throws light on cei-tnin characters of the otiier 
isothermals, inasmuch as it shows the behavior in case of partial RoHd- 
iflcatioD. 
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87. Liquid solid iaotkermals at 130°. — Table 43, finiilly, contains four 
series of results obtained at 130°. The vapor batli in this case con- 
tained amyl alcohol, thoroughly dried by copious distillations. Slight 
differences in the liquid "on" and "off" march are only apparent in 
the last series. The temperature of the third series was about 129.6°. 

it t\e normal melt- 





FIRST SERIES. SAME ADJUSTMENT. 


■nam. 


*pxio< 
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™.... 
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kpxicfl 
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Taometrivs of naphthalene at Q = lS(Py referred to '55 **"••'* at the normal meli^ 

in4f point — Continued. 



Time. 



m. 

75 

77 

83 

85 

91 

100 

105 

111 

. 113 

120 

122 

128 



*pXl0» 



70 
67 
67 
63 
63 
63 
47 
47 
26 
26 
7 
7 



FrensiiTe. 



B. 



atm. 

1558 

1484 

1509 

1412 

1416 

1412 

1044 

1044 

576 

584 

146 

160 



ohm,8. 

3651 

3405 

3310 

2334 

1217 

1198 

855 

865 

560 

560 

266 

279 



Yolame. 



em* 

•4206 

•4291 

•4324 

•4670 

•5117 

•5126 

•5319 

•5312 

(•5536) 

(•5531) 

(•5821) 

(•5801) 



FOURTH SERIES. 



45 
48 
60 



9 

19 
19 
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427 
416 



820 
320 
490 
480 



(•5769) 
(•5769) 
(•5591) 
(•5601) 
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Pressnre. 


J2. 
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: m. 




atm. 
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em^ 
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28 


626 


663 


•5465 


; 63 


27 


611 


634 


•6479 


67 


36 


801 


770 


•5379 


72 


36 


789 


755 


•5389 


74 


45 


• 1022 


930 


•5276 


84 


43 


956 


845 


•5329 


87 


54 


1216 


1050 


•5206 


90 


54 
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1033 


•5214 


92 


65 


1432 
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•5123 
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1412 


1174 


•5139 
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•5059 


104 


72 
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•5065 
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•6067 


112 


54 


1196 
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•5217 


118 


54 
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39 
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755 
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126 


22 


498 
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(•5571) 


127 


22 
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(•5561) 
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7 
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282 


(•5781/ 


140 
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7 


160 


290 


(•5781) 



DEDUCTIONS. 

88. Oraphic constrtietion. — To obtain a comprehensive survey over 
this series of individual data, it will be necessary to resorj to tlie pic- 
torial method and represent volume as a function of pressure, under 
successive conditions of constant temperature. Moreover it will be 
expedient to represent the whole group of first series on a single chart, 
the second series on another chart, etc., and thus obtain about four 
distinct sets of results, covering the whole interval 60° to 130o, and 
about 1 ,900 atmospheres. This has been done in Pis. iv, v, VJ, and vii, in 
'which the ordinates are volumes (the fiducial volume being the •5524*'™^ 
at 8()o, arbitrarily chosen), the abscissas are pressures, and in which 
the temperatures of the isothermals are inscribed at the beginning 
and end of each curve. Finally the dates or times in minutes at which 
the individual observations were made are all given by small numerals 
attached to the points. Thus it is easy to know at once whether an 
observation was taken during the ^'on" march or the ^'off " march of 
pressure ; but to further facilitate inspection arrows are subjoined to the 
contours of the curves, showing their drift. It is seen from the figures 
that the solid seems to be comparable as regards compressibility with 
the liquid, but on this point I shall not now lay much stress, for rea- 
sons repeatedly stated in the above paragraphs, §§ 70, 82. 

89. Hysteresis. — The inherent character of all these curves is pro- 
nouncedly cyclic. The isothermal pressure necessary to solidify naph- 
thalene being at all temperatures decidedly in excess of the pressure at 
which it again liquefies. Then the results whicih I obtained in other ex- 
l)eriments and with other substances some time ago ^ are thus emphat- 



1 Am;, Jour. Sci., vol. 38, 1890, p. 408. The fall paper and tho dedactions there made are as yet un- 
published. 
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ically corroborated. Evidences of the thoroughly static character of 
these phenomena are abundant and obtained by observing the times 
of successive jwints. I need only mention solid isothermal^ 100° PI. iv, 
where I waited from 50"* to 100™ at a pressure below the solidifying 
, jH>mt of the liquid without obtaining fusion; whereas after this with 
only a slight further reduction of pressure fusion sets in and is com- 
plete between 101™ and 112™; liquid isothermal, 100°, PL V, where I 
waited from 47™ to 121»" at a pressure greater than that at which ftision 
of the solid takes place without obtaining solidification, which, how- 
ever, sets in at once (121™ 122™) when the pressure interval is .only* 
slightly increased; same plate solid isothermal 130^, I waited from 86™ 
to 96™ at a pressure below the solidifying point without tiny change of 
volume or fusion whatever; solid isothermal, 130° PI. vi, where I waited 
from 06"^ to 83™ without obtaining fusion, and from 60"^ to 75 ™ without 
appreciable change of volume; liquid jsothermal, 100°, PL vii, where 
I waited from 36™ to 90™ without obtaining solidification, and from 74™ 
to 87™ on the solid isothermal without obtaining fusion, etc. If high 
temperature conditions are unfavorable to lag, the results at 130^ are 
specially good evidence in favor of the point of view taken. I have 
already pointed out ^ that it is a phenomenon inherent in the passage 
from one molecular condition to another which lies at the root of all 
manifestations of hysteresis, whether observed electrically (Cohn, Ew- 
ing, Schumann) or magnetically (Warburg, Ewing), or as a purely me- 
chanical result in my work,^ during fusion, as above, during solution, 
§ 95, etc. 

90. James Thomson^s double inflections. — Solidification almost always 
sets in at once. This is what one should exi)ect, for, if there be con- 
densation or crystallization at any point, it will form a nucleus for which 
the whole column will be solidified. Only in one case (PL v, liquid 
isothermal 83°, 60™ to 63™) did I obtain evidences of curvature, whereas 
in PL IV, at the same temperature, the whole path, though observable 
(0™, 7™, 10™), is precipitous.. 

The reverse of this holds true in case of fusion. Here the initial 
or stable contours of James Thomson's circumflexures are always 
marked. It is true that fusion rarely takes place instantaneously, be- 
cause of the diflBculty in supplying heat fast enough. Hence it might 
be plausibly argued that the fusion contours are necessarily more grad- 
ual than the solidification contours. It is also supposible that, if tem- 
perature be not quite identical throughout the height of the column of 
substance, fusion will first take place at the hotter planes below and 
proceed thence to the top. This state of things I have actually ob- 
served in glass capiUary tubes when the vapor baths were imperfect. 
In the present experiments, however, the phenomenon occurs with the 
same uniformity at all temperatures and is quite as pronounced in a 

» Am. Journal, 1. c; Phil. Mag. (5), vol. 31, 1891, p. 27. 
* Chapter iii, above. 
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steam batli. Moreover the column is not above 10*^" long. Hence, 
taking this into account in connection with the evidence cited in the 
foregoing paragraph (89), I conclude that the initial solid contours are 
static, and hence regard them as evidencing James Thomson's^ well- 
known inference relative to the doubly inflected contours of the iso- 
thermals accompanying change of physical state. When fusion actually 
sets in the phenomenon is no longer observable, tor the physical parts 
of the substance now exist in widely different thermal states. 

Here I may expediently point out the advantages gained by oper- 
ating in a thin shell of substance (see Fig. 13 and PI. iii), the heat 
within which is rapidly dissipated. The conditions, therefore are spe- 
cially favorable for isothermal work. 

91. The characteristic speeijic volumes. — ^Mere inspection of the charts, 
Pis. rv to vn, shows that the volume at which solidiflcation takes place 
decreases with temperature, and the volume after solidification either 
increases or remains stationary in value. In Table 44 I have inscribed 
the corresponding values of pressure and volume, observed at the so- 
lidification points, in each of the four series; and in PI. vni these data 
have been i>lotted, volumes being the abscissae and pressures the ordi- 
nates. To distinguish the points they are surrounded by little circles 
to which the number of the series is attached, and the pressures are 
given on the right side of the diagram. 

Table 44. — Volumes solid and liquid at the solidifying points , varying with the pressure.* 



1 
i 

1 


TemperaWre 83°. 


Temperature 90°. 


Tempera- 
ture 1170. 


Temperature lOO®. 


Temperature IZQo. 


1 Se- 
ries. 

1 

1 

1 


Solid 
pressure. 

Solid 
volume. 


Liquid 
pressure. 

Liquid 
volume. 


Solid 
pressure. 

Solid 
volume. 


Liquid 
pressure. 

Liquid 
volume. 


Solid 
pressure. 

Solid 
volume. 


Solid 
pressure. 

Solid 
volume. 


Liquid 

pressure. 

Liquid 

volume. 


Solid * 
pressure. 

Solid 
volume. 


Liquid 

pressure. 

Liquid 

volume. 




260 
•415 
320 

•41 fi 


260 
•534 
320 
•530 
345 


550 550 
•413 -'.23 




875 
•416 
920 
•413 
870 
•413 
900 
•412 


875 
•510 
920 
•615 
870 
•510 
900 
•617 


1720 
•415 
1790 
•412 
1665 
•417 
1720 


1720 
•505 
1790 
•606 
1665 
•507 
1720 
•505 




555 

•415 

550 

•418 


550 
■527 






--- fi .m 




III. J 
hv.{ 
























iib 













* See remarks on Table 46. 



A similar an^ equally important table may be deduced by finding 
the values of the characteristic volumes at the successive melting 
points. These are inscribed in Table 45, on the plan of Table 44. 



1 J. Thomson: Fhil. Mag. (4), vol. 42, 1872, p. 227. 
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Table 45. — Volumes solid and liquid at the melting pointSy varying with pressure.* 



Se- 
ries. 


Temperature 83o. 


Temperature 90°. 


Tenipera- 
tute 117°. 


Temperature 100°. 


TemiMjraiure 130o. 


Solid 
pressure. 

Solid 
volirme. 


Liquid 
pressure. 

Liquid 
volume. 


SoUd 
pressure. 

Solid 
volume. 


Liquid 
pressure. 

Liquid 
volume. 


Solid 
pressure. 

Solid 

volume. 

Liquid 

volumo. 


Solid 
pressure. 

Solid 
volume. 


Liquid 
pressure. 

Liquid 
volume. 


Solid 
pressure. 

Solid 
volume. 

1430 
•435 
1465 
•4'JO 
1410 
■440 


Liquid 
pressure. 

Liquid 
volume. 




80 
•435 

80 
•450 


80 


27.'* 


275 
•540 
280 
•541 




560 
•440 
560 
•435 
580 
•440 

570 
■440 

• 


560 
■528 
560 
•531 
580 
•528 

570 
•631 


1430 
■515 
1465 
•515 
1410 
•517 


■547 ' -425 

80 280 

•548 -440 

1 
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* 




1 I 




1 




1050) 
•430 > 
•515) 




1 1 
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: 1 
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* See remarks on Table 46. 

If these djita be inscribed in a chart like PI. vin, both the solid and 
the liquid volumes will closely resemble the curves already mapped 
out for solidifying point; but since the solid volumes can obviously 
only be approximately given, and since the liquid volumes contain no 
new feature, I omit them to avoid confusing the figure. 

A noticeable part of this diagram is the close accordance of the three 
groups of points between and 1,000 atmospheres, during which meas- 
urements vapor of water was the medium of constant temperature, as 
compared with the one group of points between 1,000 and 2,000 atmos- 
pheres, where vapor amyl alcohol was used. I account for this by 
supposing the solidification in the latter case (130o) to have been pre- 
mature, a result to be associated with insufficient constancy of the 
vai)or bath (§ 70, 86, 89), hence the liquid Volumes found are too large. 
There may, however, have been some gradual change in the contents 
of the tube, which in the lapse of time became appreciable (§76, 81). 
Thus the zinc gradually deposited by the intermittent currents in the 
mercury, the possible detachment of the end of the mercury thread in 
hh (Fig. 13) after repeated motion back and forth, changes in the 
quality of the solution of zinc sulphate, etc., would produce a shifting 
of the volume constants and a result like that observed in PL viii. 
Further experiments must decide this point. Regardiiiff the solid vol- 
umes, it is clear at once that no device can define them as accurately as 
the liquid volumes, and the degree of coincidence attained is one of 
the valuable accomplishments of the present method. 

To summarize, therefore, I have in PI. viii placed chief reliance on 
the water points (0 to 1,000 atmospheres) and drawn the locus accord- 
ingly. 

92. Critical poi7it. — ^The area inclosed by the figure a b , , , c d, sup- 
posing h and c eventually to coalesce, has the same signification as 
Andrews' area of vapor tensions. The same would be true of the sim- 
ilar figure for the characteristic volumes at the melting points, or 
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BABD8.3 SOLIDIFICATION AND FUSION. 93 

'finally to the figure in which the solidification volumes are taken at 
the solidification points, and the fusion volumes at the melting points. 
All of these diagrams point out the probable occurrence of a critical 
point in the region of positive pressure and reached in the direction of 
increasing temperature, at which point liquid would pass to solid or 
solid to liquid without paroxysmal change of volume, and consequently 
without volume log. This position of this point may be conjectured to 
lie at several hundred degrees centigrade and several thousand atmos- 
pheres, naphthalene being the material operated on. 

93. Solidifying points and melting points. — The cycles as depicted in 
Pis. rv to VII have two i>rominent characteristics : They gradually de- 
crease in vertical extent from left to right, and they gradually decrease 
in lateral extent toward both sides of the chart. Each of these qualities* 
throws important light on the phenomena as a whole. 

Table 46 gives the numerical values of the pressures corresponding 
to solidification and to fusion at the differenti temperatures, together 
with other information of importance, as sharply, as the statement can 
be made. Let the solidifying points and the melting points be con- 
structed as a function of pressure. This is done in PI. vin, and the 
points form a long spindle-shaped figure running diagonally across the 
chart. Points obtained from all the four sets of results (Pis. iv to vii) 
are inscribed and these points are numbered to show the series to which 
they belong. The parts of the curves actually observed are given in 
fall lines and the inferential prolongations in dotted lines. 

From the nature of the case the solidification points can not be 
sharply measured. (§ 89.) Thus, if the temperature of the column be 
not uniform, (and in case of an ebullition liquid of small specific heat 
and possibly not homogeneous in composition, the tube is sure to be 
hotter at the bottom than at the top), the colder parts will solidify first, 
and at once induce solidification throughout the whole length of the col- 
umn. This is markedly shown in the isothermal for 117o, and given in PI. 
VII, where the solidifying and fusing points are practically in coinci- 
dence. (§ 86.) Similarly all jarring and percussion, too rapid increase 
of pressure, a vibratile wire running through the column as in some of 
my earlier work, etc., will cause the whole labile framework to topple 
into solidification. Hence the solidifying point must be fairly crept 
upon and surprised, as it were, and hence my present results, in which 
these precautions were taken, show high solidifying points as comi)ared 
with my other work. These conditions do not seem to hold in like im- 
portance in case of fusion, for the melting points, as a rule, show much 
greater coincidence. 
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Tabl^ 46. — Showing the relation of solidifying point and of melting point with preBsurer— 

Naphthalene. 



Serios 
No. 



Temperature 
630. 



Solid 
at— 



I .. 

II . 
Ill 
IV. 



Atm. 



Fusing 
at— 



Atm. 
(«) 



Temperature 
83°. 



Temperature I Temperature 
90°. [ 1000. 



Solid Fusing I Solid 
at— at — I at — 



Atm. 
6260 
g'62i) 
e345 



Fusing ; Solid 
at— at— 



Atm. \ Atm,. Atm. \ Atm. Atm. Atm. Atm. 
c80 i «550 d275 ! e875 d6G0 
80 rf555 rf280.d920 d560 

h 870 d 58 J 
rf 900 d 570 
I Factor: Melting point and pressure 80° to 130°. 285 atm. °C., or -0351 °C. / atni. 
Jfc < Factor: Solidifying point aud pressure 80° to 100°, 360 atm./OC, or -0278 oC./ 1 atm. 
( Factor: Solidifying point and pressure, 100^ to 130^, 295 atm./oC, or-oa39 1 oQ. /t atm 



Fusing 
at— 



Temperature ' Temperature 
1170. ; 130O. 



Solid 
at^ 

Atm. 



Fusing Solid 
at — at — 




J1090 i J1050 



Atm. 
el 720 
dl790 
11665 
el720 



A tjn. 
/1430 
/1465 
/UIO 



a Negative. 

6 Not crept upon. First result at <83°, second and third at >83o. Soliditication gradual; other 
soliditications take place at once. 

c Fusing very viscously throughout a pressure interval of 50 atmospheres. 

d Crept upon. 

« Not crept upon. 

/Fusion relatively rapid; more nearly resembling the solidification march than is the case at lower 
temperatures. 

fir Crept upon. First result at *: 83°, second and third at >83^. Solidification gradual ; other solid!- 
flcations take place at once. 

h Intermediate between a and b. 

i Intermediate between a aud b. Temperature, 129'6°. 

j Temperature lower at top than at bottom of the column. Partial fuHions. Vapor bath containing 
aqueous amyl alcohol. 

k Chiefly with reference to Series 11. 

In drawing PI. viii 1 have therefore placed chief reliance on the data 
of Series ii, obtained as they were with the exi)eriBuce of Series i, to 
guide me. The horizontal breadth of the spindle shaped area indicates 
the pressure amount of volume lag corresponding to any temperature. 

94. Transitional point — If the tAvo curves be prolonged in the direc- 
tion of increasing temperature, it is clear that they must eventually 
coalesce. For, at the critical temperature, liquid will pass to solid and 
vice versa without paroxysmal change of specific volume, and hence 
there can be no volume lag. 

If the curves be prolonged in the direction of decreasing temperature, 
then the data emphatically indicate the i)robable occurrence of an inter- 
section in the region of negative pressure. Beyond the point of inter- 
section the substance would solidify at a lower pressure than that at 
which it fuses, and fuse at a higher pressure than that at which it solid- 
ifies. I believe this observation may be interpreted as follows: The 
normal^type of fusion changes continuously into the ice type of fusion, 
through a transitional type characterized by the zero of volume lag. 
The position of this transitional type for naphthalene, so far as I can 
now discern it, may be placed at, say, 50o and — 1,000 atmospheres. It 
may be noted that with the understanding here laid down, the normal 
type of fusion is reached from the ice type in the direction of increas- 
ing temperature. 

Throughout the present chapter I have avoided the discussion of the 
isopiestics, since 1 shall consider them in detail in connection with 
special experiments. It is well to state, however, that the transitional 
temi)eruture is related to the prospective intersection of the prolonged 
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BABU8.] TRANSITIONAL POINT SOLUTION. 95 

liquid and solid isopiestics, of a given substance, at the same pressure 
in both cases. Thus a reason why hysteresis may vanish is again sug- 
gested. A given substance on one side of the transitional temperature 
need not necessarily differ molecularly from the same substance on the 
other side. 

Practically only one of the states is attainable, for the other implies 
an application of negative pressure. 

If.the chart, PI. iv, is to represent in diagram a field of isothermals 
for the ice type, the solid and liquid phases of the chart are to be ex- 
changed. The solid march for the ice type takes place along loci of 
greater specific volumes and the liquid march along loci of smaller spe- 
cific volumes. Thus the chart of isothermals must show intersecting 
loci, identical points corresponding, however, to different molecular 
states. In other respects the character of the figure need not be modi- 
fied, supposing always that increase of temperature and pressure be 
taken in the algebraic sense, so that negative quantities are included. 
Beyond the transitional point I am. therefore tempted to look for the 
proper critical temperature of the ice type in a region of positive ex- 
ternal pressures and in the direction of decreasing temperatures. 

Thus, curiously enough, the observer is confronted * by ^^rto(Z*c reld- 
tionsj which iji all probability Avill admit of a chemical interpretation. 
(§§ 95, 96.) 

96. SoluMlity and pressure. — In view of the detailed analogy which 
holds between many characters of fusion and of solution, much that 
can be investigated for the simpler of these phenomena (fusion appar- 
ently) will be applicable to the other. A substance maybe transferred 
from the solid te the liquid state either by heating it or by dissolving 
it. In general, excess of temperatuie or of splvent favor the diminu- 
tion of viscosity here in question. A liquid on the verge of solidifica- 
tion or a concentrated solution is solidified or deposits crystals on 
cooling; and in both cases the nice adjustment of labile molecular 
equilibrium is accompanied by volume hysteresis, undercooling, etc., in 
the one case, supersaturation, etc., in the other. Hence I conclude 
logically, I think, that if under proper thermal conditions pressure 
alone can sohdify a licjuid, it can also under proper solutional condi- 
tions induce crystallization, or the deposit of solid from solution. 

I am the more justified in drawing these references, as in my arti- 
cle^ on the solvent action of liot water on glass I already adduced 
the necessary evidence. Since from one point of view the isothermal 
compressibility increased proportionally to the time during which the 
solvent action has been going on, and ft^om another, with the amount 
of silicate dissolved, te more than three times its original value, the in- 
ference is pretty closely at hand that what pressure did in this instance 
was a mere precipitation of a proportionate amount of dissolved sili- 
cate. The volume change thence resulting were put into computation 
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96 THE VOLUME THERMODYNAMICS OF LIQUIDS. [bull. 86. 

as increments of compressibility, for the precipitated silicate is again 
dissolved when pressure is withdrawn. 

Thus the present work bears upon the nature of solution, for I can 
not believe that what I have ventured to call cohesive afftnities * can 
not differ, except in degree, from the aflftnities which determine 
valency. At least, proceeding on such an assumption, I am lead natu- 
rally to a theory regarding changes of physical state which I will indi- 
cate elsewhere. 

Finally, in justice to myself let me say that the manuscript left my 
hands before the kindred deductions of Orme JMasson* or of Eamsay ' 
hiul reached me. In fact, what these gentlemen have deduced from 
the solution behavior liquid-liquid I had legitimately derived from the 
solution behavior solid-liquid, as set forth in my own work. My pre- 
ceding paper was at fault only in postulating an unnecessary change 
of hydration of the silicate<l water (loc cit., p. 116). 

It is gi'atilying to note that evidence of the similar solution behavior 
solid-solid is forthcoming, and to be found in the work of Osmond, of 
0. A. Carus- Wilson,* and of myself, as I have already pointed out,* 

CONCLUSION. 

96. In the above pages I have merely endeavored to describe the re- 
sults directly obtained by experiment, and to draw such conclusion, 
which, in the light of known facts, seemed to be admissible or even ob- 
vious. In view of the detailed analogy which holds between many 
characters of fusion and of solution, I believe that much that can be 
investigated for the simpler of these phenomena (frision) will be appli- 
cable also to the other. How far the above couclusions as a whole are 
to stand or fall will depend on similar investigations, which I shall con- 
tinue to make with a variety of other substances specially selected with 
reference to their position in a scale of thermal state. How such se- 
lection is to be made I am now unable to surmise. Substances, for in- 
stance, which fuse continuously, like glass or sealing wax, might at first 
sight be conjectured to lie near their critical x)()ints, but I believe these 
cases are men*, solution i)hen()mena of relatively small interest. At all 
events the exi)eriments must deal with substances of definite and pref- 
erably crystalline character and not with mixtures. I feel confident 
that in an examinati(m of many types some will be found lying rela- 
tively nearer the critical point, while others lie nearer or even beyond 
the transitional point; and that if the above method be applied with 
greater rigor than was done in the i)resent paper light will be thrown 
on the long-neglected department of fusion thermodynamics. Froin 
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this stage of progress it will then be possible to approach nearer the 
next of the kindred phenomena, which I conceive to be nothing less 
than the kind of hysteresis or higher order of volome lag commonly 
known as chemical affinity. 

To obviate the occurrence of a bald statement like^ the last, I will in- 
dicate my views on the distribution, or successive orders of volume Idgs. 
These are to be sought — ^I, duriog the passage of a given atom into 
the next consecutive in a scale of decreasing atomic weights; II, dur- 
ing the occurrence of dissociation of the molecule, including solutions 
gas-fluid. They are demonstrable, m, the region of Andrews's 
vapor tensions, including the Alex^ef-Masson solutions liquid-liquid; 
IV, in the region of the solid-liquid phenomena of the present paper, 
including solutions solid-liquid j V, in the region of solid-solid pheno- 
mena categorically distinguishable as ^^ permanent set" (Osmond, Carus- 
Wilson, Barus). They are to be sought for finally, YI, during the pas- 
sage of a given atom into the next consecutive in a scale of increasing 
atomic weights. 

The enumeration is systematic, and inasmuch as YI is virtually iden- 
tical with I, the inherent nature of these changes is periodic. Hence, 
under suitable thermal conditions and continually increasing pressure, 
the evolution of atoms, of molecules, of changes of physical state, are 
successive stages of periodically recurring hysteresis. 

Bull. 96—7 
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